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ABSTRACT 


The  eye  of  Hurricane  Edna  crossed  Cape  Cod  during  the  afternoon  of 
11  September  195^*  Unique  photographic  records  were  made  at  several  ra¬ 
dar  sites  and  include  time  lapse  Range  Height  (RHl)  and  PPI  movies  and 
stills.  These,  with  regular  and  special  ground  based  weather  observa¬ 
tions  and  the  data  of  aircraft  reconnaissance,  have  contributed  knowl¬ 
edge  of  various  features  of  the  storm. 

The  precipitation  of  Edna  evidences  a  banded  structure  roughly  con¬ 
centric  with  the  eye;  as  is  the  case  with  most  northward  moving  hurri¬ 
canes  in  middle  latitudes,  precipitation  is  mainly  confined  to  the 
northern  semicircle.  The  major  outer  bands  are  relatively  broad  and  far 
apart  and  are  composed  of  discrete  showers,  most  of  which  are  revealed 
by  radar  to  initiate  and  grow  substantially  below  the  melting  layer. 
These  showers  are  often  beneath  a  deck  of  middle  or  high  clouds,  but 
their  histories  appear  largely  independent  of  the  upper  cloud  masses. 
Nearer  the  eye  the  bands  are  closer  together,  narrower  and  more  contin¬ 
uous  along  their  lengths.  However,  there  is  radar  and  rainfall  evidence 
for  the  presence  of  a  finer  structure  also  within  the  continuous  inner 
bands. 

No  consistent  relation  with  vertical  wind  shear  is  found  for  the 
band  orientation.  However,  the  most  prominent  ones  lie  approximately 
parallel  to  the  surface  winds  or  isobars,  or  about  midway  between  their 
directions  if  they  differ  considerably.  Differences  between  convective 
and  stratiform  type  bands  are  attributed  primarily  to  variations  of  the 
stability  of  the  air  involved.  Modification  of  the  stability  of  the  air 
with  continued,  convergence  is  illustrated  by  the  relatively  convective 
nature  of  the  upwind  ends  of  the  bands  and  their  more  uniform  character 
downwind . 

The  upper  portions  of  the  bands  as  revealed  by  radar  suggest  upper 
level  divergence.  A  weakened  radar  return  from  upper  masses  immediately 
ahead  of  the  bands  is  indicative  of  downdrafts  in  these  localities  which 
compensate  the  active  low  level  convergence  and  updraft  of  the  band  re¬ 
gions  , 

The  motion  of  the  showers  in  the  northern  outskirts  of  this  storm 
is  about  Uo*  to  the  left  of  the  direction  of  the  storm's  motion;  while 
the  upper  clouds  move  from  the  same  direction  as  the  storm.  Within  fif¬ 
ty  miles  of  the  eye,  the  motion  of  many  radar  elements  is  in  nearly  the 
same  direction  as  the  surface  winds  ■md  hence  nearly  along  the  bands. 

The  speed  profile  of  radar  weather  elements  is  similar  in  shape  to 
that  of  the  surface  winds,  showing  the  decrease  of  velocity  near  the  eye 
which  is  characteristic  of  mature  hurricanes.  However,  comparison  of 
the  velocities  of  radar  echoes  in  this  storm  and  the  known  surface  winds 
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indicates  that  in  the  lowest  7*000  feet,  winds  increase  in  speed  with 
increasing  height  outside  the  ring  of  maximum  surface  winds.  Nearer  the 
eye  the  winds  decrease  with  height.  This  pattern  of  vertical  wind  shear 
finds  considerable  support  in  recent  observational  work  of  Simpson.  It 
is  suggested  that  further  research  may  enable  the  intensity  of  a  hurri¬ 
cane  to  be  determined  by  radar  on  a  quantitative  basis. 

The  radar  "bright  band"  appears  at  the  melting  level  in  all  the 
more  uniform  spiral  bands ,  indicating  that  these  bands  are  the  results 
of  convergence  and  precipitation  release  through  deep  layers  of  the  at¬ 
mosphere.  The  conventional  "bright  band"  with  normal  decrease  in  echo 
intensity  below  the  melting  zone  is  qualitatively  associated  with  the 
lighter  rainfall,  while  the  lack  of  such  a  decrease  in  echo  intensity  is 
associated  with  continued  growth  in  and  below  the  melting  layer.  The 
latter  feature  is  characteristic  of  the  more  intense  spiral  bands. 

These  data,  when  supplemented  by  drop  samples,  indicate  that  the  drop 
size  distributions  observed  are  the  results  of  a  combination  of  growth 
by  accretion  of  cloud  and  aggregation  of  raindrops  below  the  melt.lng 
level,  coupled  with  continuous  creation  of  drizzle  size  drops. 

Characteristics  of  the  drop  size  distribution  of  the  hurricane  rain 
at  all  observed  intensities  are  in  fair  agreement  with  those  to  be  ex¬ 
pected  on  the  basis  of  Marshall  and  Palmer's  empirical  relation.  Also, 
there  is  a  reasonably  good  correlation  between  radar  reflectivity  and 
rain  intensity.  This  suggests  the  possible  use  of  long  wave  radar  to 
monitor  the  intensity  of  hurricane  rains. 

Discrete  precipitation  echoes  move  about  the  "eye"  in  the  same 
sense  as  the  surface  winds.  However,  the  eye  may  best  be  fixed  in  prac¬ 
tice  approximately  at  the  center  of  spiralling  of  the  bands,  which  gen¬ 
erally  differs  considerably  from  the  centers  of  curvature.  On  the  RET 
scope  Edna '  s  eye  is  seen  as  an  open  "V"  in  the  radar  echo  which  leans 
toward  the  northeast;  a  cirrostratus  shield  over  the  eye  at  35*000  feet 
is  connected  to  the  northeastern  portion  of  the  wall  cloud  by  a  thin 
column.  A  second  eye  with  pressure  minimum  and  complete  wind  circula¬ 
tion  is  present  for  a  short  time,  as  are  "false"  radar  eyes. 

The  path  of  Edna  is  found  to  be  much  more  regular  than  originally 
reported;  oscillations  of  the  path  are  no  larger  than  the  eye  diameter 
and  may  be  less.  Analysis  of  position  reports  from  various  sources  in¬ 
dicates  that  when  an  aircraft  is  within  radar  range,  errors  of  position 
may  be  reduced  to  a  minimum  if  reports  are  based  on  cooperative  esti¬ 
mates  of  both  aircraft  and  radar  observers. 

Land  stations  west  of  Edna's  eye  experienced  highest  winds  during 
the  storm  after  the  times  of  lowest  pressure.  The  unusual  sudden  in¬ 
crease  of  winds  to  high  values  has  been  tentatively  associated  with 
widespread  air  accelerations  accompanying  initial  conditions  of  extreme 
imbalance  between  the  winds  and  the  pressure  gradient. 


iv 


The  reader  with  limited  time  for  study  is  referred  to  Sections  8,  9 
and  especially  the  summary  of  Section  10. 


HURRICANE  EDNA  -  1954 


1 .  Introduction 


The  first  indications  of  the  formation  of  Hurricane  Edna  came  on  the 
night  of  5  September  in  the  extreme  southwestern  Atlantic  "between  Puerto 
Rico  and  the  Bahama  Islands  (Malkin  and  Holzvorth,  1954) .  Subsequently, 
this  storm  was  the  second  to  ravage  the  east  coast  of  the  United  States 
within  eleven  days.,  Its  appearance  on  the  scene  long  before  vivid  im¬ 
pressions  of  the  earlier  storm,  Carol,  had  begun  to  subside  resulted  in 
a  high  level  of  preparedness  among  the  populace  and  keen  response  to 
Weather  Bureau  advisories .  Carol  accelerated  suddenly  from  the  Cape 
Hatteras  region,  where  it  had  remained  nearly  stationary  for  several 
days,  and  arrived  while  New  England  was  not  yet  fully  braced  for  the 
blow.  With  power  lines  down  and  men  and  standby  equipment  not  fully 
organized,  much  radar  equipment  which  could  have  been  used  to  study  the 
storm  was  inoperative.  In  the  case  of  Edna,  however,  preparations  were 
made  well  in  advance  to  track  the  storm,  with  the  fortunate  result  that 
great  quantities  of  -unique  radar  data  were  collected. 

The  frontispiece  illustrates  the  path  of  Edna  from  the  time  of  first 
detection  until  it  became  nearly  stationary  between  labrador  and  Green¬ 
land,  in  the  manner  of  many  intense  storms  of  high  latitudes .  Radar 
photographic  data  gathered  3*"fc  SCw*.*trl  Truro,  Massachusetts,  directly  over 
which  the  eye  passed,  are  the  basiB  for  the  bulk  of  the  information  con¬ 
tained  in  this  report.  Photographs  of  the  radar  scopes  were  taken  from 
this  site  between  1959  EST  10  September  and  1520  EST  11  September  and 
the  positions  of  Edna  at  these  times  are  indicated  on  the  frontispiece. 

The  wealth  of  radar  and  other  data  has  led  the’ authors  to  examine 
many  features  of  this  hurricane  which  had  been  investigated  by  more  con¬ 
ventional  means  in  other  storms.  The  authors  have  attempted  primarily 
to  describe  the  hurricane  features  in  termB  of  the  observational  data 
and  relatively  little  space  is  devoted  to  theoretical  aspects .  Since 
the  radar  data  are  of  high  quality  and  similar  records  are  not  likely 
to  be  obtained  often,  the  results  of  the  studies  are  presented  here  in 
considerable  detail.  The  inner  and  outer  bands.,  the  eye,  the  path  of 
the  storm,  the  wind  field,  radar  tracking  and  rainfall  mechanisms  are 
all  discussed  with  the  aim  of  providing  insight  into  all  of  the  storm 
features  for  which  there  is  radar  information.  (In  most  cases,  other 
sources  have  also  been  utilized. )  It  Is  hoped  that  the  information  con¬ 
tained  herein  represents  an  extension  of  our  knowledge  of  hurricane 
structure  and  will  provide  a  useful  reference  for  future  observational 
and  theoretical  studies,  as  well  as  a  key  to  radar  scope  interpretation 
during  hurricane  conditions. 


2.  Data  Used  In  This  Study 


The  basis  of  this  study  has  been  the  ordinary  and  special  weather 
data  which  were  collected  during  Edna’s  lifetime,  especially  during  the 
nineteen  hours  immediately  preceding  the  passage  of  the  hurricane  eye 
over  Cape  Cod.  The  basic  standard  to  which  all  else  is  referred  is  the 
routine  .synoptic  data,  i.e.  surface  observations  and  radiosonde  reports. 
Special  radiosonde  reports  from  Ians  com  Field  and  surface  observations 
at  South  Truro  and  Chatham,  Massachusetts,  have  been  of  great  value. 
Other  data  gathered  at  Hans com  Field  (which  is  located  partly  in  Bedford 
and  partly  in  Lexington,  Massachusetts )  inclUjde  the  rewords  of  three  ad¬ 
jacent  recording  rain  gauges  (weighing,  tipping  bucket  and  Hudson- Jardi ) 
The  very  complete  Blue  Hill  Observatory  records  of  Edna  have  also  been 
studied.  Figure  2.1  illustrates  the  location  of  many  of  the  places  to 
which  we  shall  refer  in  this  report . 

The  radar  data  were  collected  at  South  Truro  ahd  Hanscam  Field,  Mas¬ 
sachusetts,  and  at  Montauk  Point,  New  York,  At  South  Truro,  an  FPS-3 
radar  with  EPI ,  -and  FPS-^  and  EPS-6  height  finding  radars  were  available 
At  Bedford,  a  TPQ-6  cloud  base  and  top  radar  and  10  cm  search  radar  were 
used;  at  Montauk  the  equipment  was  anEPS-3  system.  The  characteristics 
of  these  radars  are  listed  in  Table  1.  Figure  2.2  Is  a  key  to  the  EPS-4 
photographs «  '  .•  \ 

*■  Two  35  mm  time  lapse  EPI  movies  have  been  available,  one  from  Bed¬ 
ford  and  one  from  Montauk.  EHI  time  lapse  series  and  stills  were  taken, 
at  South  Truro  of  the  1ES-4  and  EPS -6  scopes.  In  addition,  4  x  5  pic¬ 
tures  of  the  EPS-3  FPI  scope  at  South  Truro  at  average  intervals  of  • 
about  five  minutes  have  been  available .  "The  South  Truro  data  comprise 
the  best  photographic  records j  the  pictures  are  sharp  and  contrasty. 

The  Bedford.and  Montauk  pictures  are  of  great  value  because  they  have 
been  the  only  time  lapse  EPI  data  available  which  may  be  run  through  a 
projector  for  motion  studies.  Generally,  the  quality  Of  the  latter  pic¬ 
tures  is  not  up  to  the  standards  necessary  for  extensive  reproduction 
here . 

A  further  valuable  source  of  data  has  been  the  instrumental  and  vis¬ 
ual  observations  of  the  crew  of  the  WB-29  which  conducted  reconnaissance 
of  the  storm  on  11  September  195k-  between  0600  and  2100  EST. 
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Table  1.  Characteristics  of  the  radars  contributing  data  to  this  study 


Radar 

Wave-  Pulse 
length  length 
(cm)  (/(sec) 

Beamwidth 
(horiz)  (vert) 

Peak 

Power 

(Kw) 

PKF 

(Bec“l) 

Notes 

tpq-6 

.86 

1.0 

0.29* 

0.29* 

25 

492 

Vertically 

pointing 

FPS-V 

3 

2 

2.05* 

0*755’ 

200 

539 

RHE  only 

Special  radar 
of  Project 
Lincoln 

10 

1.1 

1.7* 

1*7* 

500 

1200 

FPI, 

MTI*  only 

FPB-6 

10 

2 

3.V 

0.9* 

tooo 

2?0 

RH  only 

FPS-3 

23 

3 

1.3* 

3*  t  o 
18* 

700  on 
each  of 

2  xmitters 

too 

FPI  only 
MTI  avail¬ 
able 

*  MTI  signifies  ^moving  target  indication." 


3-  Forerunners  of  Edna  -  High  Clouds  and  Warn  SfcowerB  on  the  Northeast 

Fringe 

3.1  Radar  Data 

The  radar  photographic  record  at  South  Truro  was  begun  at  1959 
EST,  10  September,  vith  photography  of  the  FPS-V(3  cm)  SHI  scope. 

First  photos  shov  a  tenuous  echo,  presumably  high  cloud  and  undoubtedly 
composed  of  ice  crystals,*  with  radar  base  at  about  22,000  feet  and 
about  8,000  feet  thick  (Fig.  3*1)  <  Subsequent  records  show  that,  al¬ 
though  breaks  are  present,  this  cloud  sheet  is  widely  distributed  over 
the  area  and  the  base  slopes  downward  and  the  cloud  thickens  to  the 
southwest,  i.e<  toward  the  eye  of  the  storm.  This  observation  is  con¬ 
sistent  with  the  presence  of  a  nearly  saturated  layer  with  base  at  too  mb 
on  the  Nantucket  sounding  of  2200  EST,  Fig.  3*2.  Time  lapse  pictures 
represented  by  the  first  three  of  Fig,  3„1  demonstrate  that  the  feature 
there  marked  by  an  arrow  moves  with  a  component  from  220°  of  approximate¬ 
ly  52  knots.  This  is  in  very  good  agreement  with  the  winds  reported  by 
the  Nantucket  2200  EST  upper-air  observation.  It  is  noteworthy  that 


*  Ordinary  water  clouds  sure  generally  not  detectable  by  the  FPS-4  and 
FFS-6  radars. 
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.  I .  (  loud  dock  wjifi  base  at  about  22,000  fret  as 
.ii  inirr\a)s  r»l  5  n.mtif.tl  miles  m  t }:<*  first  1  i,i!-iu 
I  S  (  .  I, ilnu's  *  *  \  *  ■  is  all  out  475  unit's  SSW  of  l  lie  I  <i 
uijuHti-m  »,f  about  52  knots  from  220  .  At  2101,  lie* 
■-I  online  il«  itr  t  In*  t'Up  in  I  hr*  ujij.tr  cloud  <!t'fk  j  rulin' 
it  ■s.'.ra'ihs  nr*.-  presented  as  f‘  ii»t  2.2. 


(st.  In  rTS-4  radar  al  So.  Truro,  lOSnpL  1054.  Mange 
•s,  !<}  in  thr*  last.  Azimuth  is  220°,  and  the  indicated 
ai .  .\oh  the  l»*fitiire  marked  by  an  arrow,  which  moves 
ugged  hast*  of  i Iji *  up [»»*r  (  loud  indicates  evaporation, 
i.ilrlv  aln  ad  of  the  ram  band  al  95  miles.  Keys  to 


Pig.  3.2.  Nantucket  radiosonde  report, 2200E,  10  Sept.,  plotted  on  a  pseudo-adiabatic  diagram.  The  full  lines  of  the  sounding  are  the  plots 
of  temperature,  the  dashed  lines  are  dewpoints.  The  tables  list  the  reported  wind  speeds  in  knots  and  directions  in  degrees  at  the  heights  in 
feet  indicated.  The  sloping  solid  lines  of  the  diagram  are  dry  adiabats,  and  the  single  light  dashed  line  is  a  moist  adiabat.  Numbers  in  paren¬ 
theses  are  the  heights  in  feet  of  the  mandatory  pressure  levels  (thousands  and  units  figures  omitted). 


study  of  the  early  portions  of  the  FPS-3  time  lapse  record  obtained  at 
Montauk  Point  likewise  indicates  a  rapid  movement  from  the  SW  or  SSW  of 
faint  and  very  diffuse  echoing  masses  which  are  believed  to  be  dense  up¬ 
per  clouds  and  appear  because  of  the  wide  vertical  beam  of  the  FPS-3. 
Their  motion  from  the  SW  occurs  while  discrete  intense  echoes,  observ¬ 
able  at  the  same  time,  move  more  slowly  from  the  SE. 

At  about  2200  EST  10  September  195^>  the.  23  cm  (FPS-3.)  PPI 
presentation  at  South  Truro  shows  nothing  significant  north  of  the  first 
major  rain  band  of  the  hurricane,  seen  at  about  100-.l40  miles  to  the 
southwest  in  Fig.  3«3>  although  the  3  cm  RHI  data  demonstrates  that  the 
whole  area  is  blanketed  by  upper  clouds.  Shortly  thereafter,  however, 
as  shown. by  Fig.  3 >3,  sharply  defined  cells  are  observed  to  form  along  a 
nearly  east  west  line  passing  hear  Nantucket  (l80°,  4i  miles).  By  2300 
EST  they  are  well  organized  and  a  conspicuous  part  of  the  PPI  picture. 
The  horizontal  motions  of  nine  of  these  cells  have  been  Btudied,  using 
PPI  photographs  at  five  minute  intervals;,  and  the.  results  are  given  in  ; 
Table  2  below.'.,  ’  "'r  7'-:;  :'"7 


Table . 2 .  Statistics,  concerning  warm  showers 


Cell  # 

Speed 
(knots ) 

Direc¬ 

tion 

.. 

Time  of 
Start 
(EST) 

Time 

Tracked 

(min) 

Initial  Bearing  from  S.  Truro 
Range  Azimuth 

(naut.  miles)  (°) 

1 

25 

320 

■  2227 

18 

75 

245 

2 

17 

340 

2227 

39 

30 

210 

3 

22 

320 

2233 

43 

55 

235 

4 

30 

355 

2336 

65 

50 

260 

5 

22 

345 

2336 

45 

45 

070 

6 

23 

340 

2341 

100 

75 

030 

7 

15 

000 

2341 

40 

75 

075 

8 

22 

340 

2355 

46 

30 

345 

9 

19 

345 

2355 

56 

100 

065 

Average 

22 

340 

50 

The  average  velocity  is  22  knots  toward  340*.  This  is  in  ex¬ 
cellent  agreement  with  the  reported  Nantucket  winds  between  3,000  and 
9,000  feet  (Fig.  3»2).  The  average  tracking  time  of  the  cells  chosen 
for  study  is  fifty  minutes.  For  several  reasons,  this  is  only  a  rough 
measure  of  the  lifetime  of  the  average  cell.  In  some  cases,  tracking 
becomes  impossible  because  a  cell  changes  its  shape  or  position  discon- 
tinuously,  making  it  impossible  to  know  that  the  same  feature  is  in  fact 
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I*' if',  3.3.  ! »«  \  <■ lopmrni  nf  warm  showers  400  mile*  ahemi  of  the  eye  of  Hurricane-*  Kiina,  10"1]  September  1954. 
limes  art*  KST.  Not**  ihr*  inpifl  'ievolopmont  of  showcm  at  220  n,  40  miles,  between  2230  auH  2300K.  Ran^o  mark 
nc  .i I  intervals  of  ](»  nautical  mil***- 


being  followed]  in  other a,  "because  of  a  discontinuity  in  the  sequence  of 
p-„.turos;  in  still  others,  because  the  cells  disappear.  The  five-minute 
spacing  of  the  pictures  makes  it  impossible  to  study  accurately  cells 
■..'hose  duration  is  less  than  about  fifteen  minutes;  on  the  other  hand, 
those  cells  selected  .for  tracking  and  which  are  observed  to  appear  and 
disappear  may  exist  up  to  ten  minutes  longer  than  observed.  The  authors 
have  tried  to  take  account  of  these  factors  and  have  subjectively  esti¬ 
mated  that  the  average  cell  lifetime  in  these  warm  showers  is  between 
thirty  and  fifty  minutes.  The  variation  of  velocity  measurements  from 
cell  to  cell  indicates  the  probable  influence  of  strong  intermittent 
development  components. 

Fortunately,  RHI  records  are  also  available  at  this  time.  The 
3  cm  time  lapse  pictures  have  been  studied  in  order  to  determine  the  al¬ 
titude  of  the  tops  of  these  showers,  The. data  on  eleven  discrete' echoes 
are  given  in  Table  3*  Because  no  attempt  .web  made  to  follow  individual 
cells  using  the  RHI  and  the  azimuth  cf  the  beam  was  kept  essentially  un¬ 
changed  at  220%  the  echo  heights  and  the  growth  observed  are  probably 
mostly,  indicative  of  the  physical  structure  of  already  established  cells 
and  only  slightly  a  measure  of  their  development.  However,  it  is  evi¬ 
dent  that  none  of  the  cells  exceeded  15,000  ft  at  first  appearance, 
while  five  of  them  possessed  maximum  tops  below  the  melting  level  near  '' 
14,000  ft  (see  Fig.  3*2).  This  is  strong  evidence  that  these  low  level 
shower  echoes  developed  entirely  in  the  water  phase.  ■ 


Table  3*  Showers  observed  to  pass  through  the  beam  of  the  FPS-4  (Azi¬ 
muth,  220° ) 


Cell 

# 

i 

Time  of  1st 
appearance 
(EST) 

2 

At  first 
Ht  of  top 
(1000  ff) 

3 

appearance 
Ht  of  midpt. 
(1000  ft) 

4 

■  Time 
visible 
(minutes) 

5 

Maximum 

Ht  observed 
(1000  ft) 

6 

Horiz.  Dim 
(miles )* 
a  b 

1 

2.154 

15 

12 

merged 
w/ others 

3 

2 

2219 

11 

8 

14 

19 

4.5 

4 

3 

2221 

13 

11 

6 

13 

1-9 

2 

4 

2233 

11 

8.5 

4 

11 

1.3 

1-5 

5 

2233 

10 

5 

14 

1.6.5 

4.5 

4 

6 

2235 

11 

7 

2 

11 

0.6 

2 

7 

2243 

10 

5 

10 

13 

3.2 

4 

8 

2243 

1.2 

7 

15 

22 

4.8 

4 

9 

2248. 

12 

10 

4 

12 

1.5 

1 

10 

2256 

12 

9 

18 

22 

5.7 

6 

11 

2300 

11 

5 

_ _ 

22 

Jhl  .. 

JL_ 

*  Column  6a  gives  the  dimension  perpendicular  to  the  direction  of  the 
beam  as  computed  from  the  time  visible  (see  text).  Column  6b  gives 
the  maximum  dimension  along  the  beam,  as  observed  directly. 
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The  orientation  of  the  beam  is  such  that  the  cells  progress 
through  it  at  an  angle  of  about  60° .  In  fact,  the  horizontal  breadth 
of  a  cell  normal  to  the  beam  direction,  neglecting  the  complicating  ef¬ 
fects  of  beam  width,  is  given  by  d  =  22  x  t  x  sine  60°,  where  22  knots 
is  the  assumed  speed  of  the  cells  and  t  is  the  time  visible.  The  dimen¬ 
sions  given  in  Column  6a  of  Table  3  are  based  on  this  equation.  Column 
6b  indicates  the  maximum  breadth  of  the  cells  observed  in  the  direction 
of  the  beam.  The  average  of  Column  a  is  but  0.2  mile  greater  than  that 
of  Column,  b,  although  consideration  of  beam  width  effects  leads  us  to 
expect  a  considerably  larger  difference  in  the  absence  of  systematic  de¬ 
partures  from  cylindrical  shape.-*  This  discrepancy  arises  in  part  be¬ 
cause  of  the  one.  minute  interval  between  RHI  pictures  which  causes  the 
.average  duration  of  cell  observations  to  be  somewhat  less  than  the  aver¬ 
age  period  "in  the  beam." 

While  many  more  cells  are  visible  on  the  RHI  pictures  than  are 
given  in  Table  3,  these  are  the  only  ones  which  can  be  observed  as  dis¬ 
tinct  entities  during  the  intervals  when  the  azimuth  was  kept  unchanged; 
two  or  more  cells  often  combine  in  a  way  that  makes  identification  dif¬ 
ficult  .  ■■■■•'  ‘  . 

It  may  be  noticed  in  Table  3  that  the  cells- which  are  small. in 
height  are  also  of  relatively  small  horizontal  extent,  and  there  is  a 
definite  tendency  for  the  broader  storms  to  reach  greater  maximum 
heights-  Another  interesting  fact  is  that  the  later  cells  are,  on  the 
average,  larger  than  those  at  the  beginning  of  the  period  of  study. 

This  confirms  the  PPI  observation  that  the  cells  increased  in  size  and 
intensity  for  at  least  an  hour  after  they  first  appeared. 

Toward  the  end  of  the  period  of  RHI  observation,  several  cells 
are  observed  with  tops  at  22,000  ft;  at  thiB  and  later  times,  scattered 
cumulonimbus  are  also  present,  as  discussed  below.  The  period  of  RHI 
observation  is  less  than  that  on  PPI;  after  0000  EST  the  cells  are  most¬ 
ly  north  of  the  station  and  are  no  longer  seen  by  the  radar  beam  directed 
toward  220° .  At  2300  EST,  photographs  are  available  at  20°  intervals . of 
azimuth  completely  around  the  horizon.  Figure  illustrates  the  three 
dimensional  structure  at  this  time.  The  main  band  of  convective  cells 
runs  just  south  of  the  station.  Except  for  one  large  cumulonimbus,  the 
cells  have  about  the  same  elevation  as  those  listed  in  Table  3* 


*  A  pulse  length  of  2  /A  sec  represents  a  range  resolution  very  close  to 
1000  ft;  a  beam  width  of  2°  represents  an  azimuthal  resolution  of 
about  5000  ft  at  a  range  of  25  miles.  Thus,  a  cylinder  passing 
through  the  beam  at  a  range  of  25  miles  will,  in  theory,  appear  about 
a  mile  greater  in  dimension  across  the  beam  than  along  it.  The  FF8-3 
PPI  photos  show  the  effect  as  a  widening  of  the  azimuthal  dimension 
of  the  weather  echoes.  This  is  most  apparent  with  the  smaller  dis¬ 
crete  echoes. 
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SEPT.  II,  1934, EASTERN  STANDARD  TINE  — * 

Fig.  3.6.  Rainfall  rate  during  a  shower  associated  with  the  outer  convective  hands  of  Hurricane  Edna,  as  measured  by  a  tipping  bucket  gauge. 


It  is  of  interest  to  note  that  the  passage  of  the  first  hand,  of 
warm  showers  at  South  Truro  and  at  Hanscom  Field  was  associated  with 
lightning  and  thunder.  At  no  other  time  during  the  remainder  of  the 
storm  was  electrical  activity  observed  at  South  Truro.  In  other  hurri¬ 
canes  also,  lightning  has  heen  observed  in  the  outer  regions  (Dunn,  19SI) 
and  the  cellular  nature  of  the  outer  bands  as  seen  by  radar  has  been 
noted  (Ligda.  1953 )•  Judging  from  the  radar  appearance  as  well  as  sur¬ 
face  weather  effects  illustrated  by  Wexler's  meteorograms  ( 19^9) j  the 
outer  convective  activity  is  akin  to  the  summer  squall  lines  of  temper¬ 
ate  latitudes.  It  is  significant  that  thunderstorm  activity  is  usually 
observed  only  in  the  peripheral  area  of  mature  storms  and  not  in  asso¬ 
ciation  with  the  more  continuous  type  rain  nearer  the  eye,  even  when  the 
rain  intensity  is  very  great.  (Exceptions  to  the  rule  are,  of  course, 
observed  in  even  casual  studies  of  reports  of  individual  storms.)  This 
is. one  of  the  indications  of  the  stability  of  the  continuous  inner  bands 
which  will  be  treated  later .  It  should  be  mentioned  that  the  presence 
of  an  overlying  ice,  crystal  layer  above  the  warm  showers  has  suggested 
to  some*  who  have  examined  the  observations  that  the  lightning  may  be 
initiated  as  a  discharge  between  the  snow  and  the  .warm  shower  as  the,' top 
of  the  shower  approaches  the  upper  deck.  Alternatively,  the  heavy  rim¬ 
ing  which  occurs  in  the  ice  crystal  cloud,  when  its  base  is  penetrated  by 
dense  supercooled  water  cloud  may  provide  the  charging  mechanism  respon¬ 
sible  for  the  lightning  activity.  (There  is  some  suggestion,  although 
by  no  means  conclusive,  that  the  electrical  activity  occurs  at  about  the 
time  that  the  tops  of  the  low  level  showers  penetrate  the  upper  ice 
crystal  deck . ) 

3-2  Synoptic  Data 

The  surface  weather  map  for  0130  EST  shows  Edna  east  of  Norfolk, 
Virginia.  Northeasterly  flow  prevails  at  low  levels  over  New  England, 
and  southerly  flow  aloft  is  indicated  by  the  Mt.  Washington  report  and 
by  upper  wind  reports  to  be  discussed.  Over  the  waters  southeast  of  New 
England,  the  flow  is  southeasterly  and  tropical  maritime  air  is  being 
borne  by  this  flow  into  New  England.  Light  to  moderate  continuous  rain 
and  some  light  showers  are  reported  at  southern  inland  stations.;  the 
Cape  Cod  and  Maine  coastal  areas  are  reporting  fog  and  drizzle .  There 
is  practically  no  suggestion  from  these  synoptic  reports  of  the  convec¬ 
tive  echoes  displayed  by  the  radar,  which  are  superimposed  in  part  in 
Fig.  3-5  on  a  large  scale  weather  map  of  New  England  for  2326SE,  10  Sep¬ 
tember  . 


The  wind  record  at  South  Truro  shows  a  gradual  wind  shift  from 
ENE  to  SE  between  2330  EST  10  September  and  0030  EST  11  September,  which 
coincides  with  the  passage  of  the  first  main  line  of  cells.  The  0111 
PPI  picture  (see  Fig.  3 *9)  shows  that  the  center  of  a  detached  cellular 


*  Prof.  I.  S.  Marshall  of  McGill  University,  for  one. 


3.8.  Hempstead  radiosonde  report,  2345EST,  10  September,  plotted  as  in  Fig.  3.2.  Edna’s  eye  is  located  at  about  300  nautical  miles 
from  Hempsicad  at  this  time. 


mass  is  just,  south  ol’  the  Katahdin  Hill  site  (Haascom  Field,  Mass.)  lo¬ 
cated  at  63  miles,  302°.  A  very  brief  but  heavy  shower  commenced  at  the 
latter  site  at  0107  EST,  ended  at  0115,  and  is  probably  a  part  of  this 
region  of  radar  return.  The  tipping  bucket  record  of  this  shower  at 
Katahdin  Hill  is  presented  as  Fig.  3-6.  Note  that  the  total  precipita¬ 
tion  is  only  1.4  mm.  Rain  fell  at  a  maximum  recorded  rate  of  42  mm  per 
hour  and  at  30  mm  per  hour  or  more  for  a  minute.  As  already  noted,  same 
thunder  was  reported  to  have  occurred  at  Hanseom  Field  and  South  Truro 
during  the  passage  of  this  shower  band,  indicating  that  this  intense 
rain  fell  from  a  well  developed  storm.  Indeed,  this  is  indicated  by  the 
TPQ-6  record  made  at  Reservoir  Hill,  one  mile  NW  of  Katahdin  Hill,  which 
shows  this  heavy  shower  in  time -height  crosB  section.  It  1b  identifi¬ 
able  on  the  record  (Fig.  3-7)  as  a  "V"  in  the  return  at  0110  EST.  The 
"V"  is  caused  by  attenuation  at  the  time  of  greatest  rain  intensity. 
Perhaps  the  most  interesting  feature  of  this  portion  of  the  record  is 
the  reversed  slope  of  precipitation  columns  on, either  side  of  the  main 
shower  (at  0110)  and  the  generally  symmetrical  appearance  of  the  pre-. 
eipitstion  structures  in  this  area.  Low  level  inflow  and  outflow  aloft 
(at  about  15,000  to  20,000  ft)  are  suggested  by  the  directions  of  the' 
shear. 

The  Nantucket  raob,  released  at  2200  EST  of  10  September  (Fig. 
3.2),  is  also  of  interest.  It  indicates  that  practically  saturated  con¬ 
ditions  exist  from  the  surface  to  79O  mb.  A  temperature  inversion  exists 
from.  1019  to  995  mb  and  above  this  the  lapse  rate  is  in  excess  of  the 
moist  adiabatic  to  the  base  of  a  dry  layer  at  790  mb.  Between  995  mb 
and  790  mb  the  condition  is,  therefore,  one  of  marked  instability.  From 
790  mb  to  640  mb  the  air  is  convectively  unstable.  The  wind  exhibits 
strong  shear  only  In  the  lowest  1000  feet  and  again  between  20,000  and 
25,000  where  the  wind  increases  in  speed  from  26  to  55  knots  and  shifts 
in  direction  from  170"  to  200“ .  As  already  noted,  the  average  drift  of 
the  convective  echoes  toward  340°  Is  in  excellent  agreement  with  the 
winds  between  3,000  and  9,000  feet.  Reference  to  Table  2  shows  that 
echoes  1  and  3,  which  move  from  the  SE,  are  also  at  the  greatest  range 
to  the  southwest.  Interpolation  between  the  Nantucket  sounding  and  the 
2345  Hempstead  sounding,  Fig.  3*8,  indicates  that  the  motions  of  these 
two  cells  Eire  again  consistent  with  the  winds  between  about  3000  and 
9000  feet.*  The  Hempstead  and  Nantucket  wind  data  lend  further  support 
to  the  idea  that  effective  generation  of  the  echo  Is  occurring  well  be¬ 
low  the  melting  leve],  which  Is  between  13,700  and.  13,800  feet. 

The  Hempstead  wind  report  has  explained  a  portion  of  the  varia¬ 
tions  of  observed  cell  velocities.  The  Hempstead  dew  point  and  tempera¬ 
ture-height  curves  for  the  same  time  indicate  a  neutral  or  somewhat 


*  Velocities  of  echoes  on  the  EPI  are  generally  representative  of  those 
levels  in  which  the  EHI  scope  shows  the  echoes  to  be  vertical.  See 
Section  5  for  further  discussion. 
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i'  i/i.  .3.0.  i'.voluijun  of  the*  PIM  pattern,  11  Sept.  as  observed  at  So.  Truro  by  23  cm  radar,  arid  as  Kdna  moves 

toward  the*  station.  Maximum  range  of  those  pictures  is  170  nautienl  miles,  Hangtt  marks  arc  spaced  10  nautical  miles. 
Note  tin-  (  i»n vi1* •* i \ »•  band',  just  north  of  the  station  in  tin  (irsi  pictures,  which  move  northward  and  gradually  transform 
to  rain  of  mote  stable  Hpr.  hands  of  continuous  rain  (will)  some  convective  lines)  are  meanwhile  moving  fioiu  the  south 
as  well  as  de'clopm**  In*  all1'  uvtir  the  station.  At  the  time  of  the  last  picture,  Kdna’s  eye  is  located  at  300  nautical 
203  . 
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I'  iu.  hvojulion  of  (III*  I’l'l  pattern,  11  Sept.  l(J,r>4,  ns  observed  at  So.  Truro  by  24  cm  radar,  and  ns  bdmi  moves 

toward  the  station.  Max  imam  range  of  those  pictures  is  170  nautical  miles.  Jtanga  marks  are  spaced  10  nautical  miles. 
Note  the  convert  i\ *•  bands  just  north  of  the  slat  inn  in  tin*  first  pictures,  which  move  northward  and  gradually  transform 
to  rail'  of  more  stable  Mpo.  Hands  of  continuous  rain  fwi'.h  some  convective*  lines)  are  meanwhile  moving  from  the  south 
as  wc]|  as^leveloping  iorallv  over  the  station,  «\|  the  time  of  the  last  picture,  Kdna's  eye  is  located  at  3(H)  nautical 
miles,  20 v\ 


stable  temperature  stratification  and  this  is  a  reasonable  accompaniment 
of  the  more  uniform  type  of  echo  observed  toward  that  site  (Pig.  3.3). 

It  is  difficult  to  understand,  simply  on  the  baBis  of  the  Nan¬ 
tucket  and  Hempstead  wind  reports,  why  the  cells  should  form  in  lines  or 
bands.  If  the  lines  are  directly  related  to  the  vertical  wind  shear,  as 
proposed  by  Kuettner  (1955),  the  relationship  must  be  delicate  indeed. 

In  Pig.  3*5  the  convective  bands  are  seen  to  be  nearly  parallel  to  the 
surface  winds  or  isobars  and  this  relationship  seems  to  hold  approximate¬ 
ly  for  the  major  handed  structures  throughout  the  storm.  The  PPI  records 
(Fig.  3.3)  near  the  time  of  initial  formation  and  the  similarity  among 
the  sizes  of  cells  within  a  line  indicate  that  their  initiation  is  near¬ 
ly  simultaneous,  and  that  growth  proceeds  more  or  less  uniformly  along 
the  lines.  In  view  of  the  above,  it  appears  more  reasonable  to  ascribe 
the  line  to  /unknown  dynamics  of  the  horizontal  flow  rather  than  to  its 
/Variations  in  the  vertical.  . 

A  last  item  of  interest  is  the  indication  of  Table  1  that  sev¬ 
eral  convective  cells  were  limited  at  the  same  height  of  22,000  feet. 

This  observation  may  be  an  indication  of  a  barrier  to  further  growth 
near  that  level.  The  Nantucket  sounding  indicates  that. this  may  be 
strong  wind  shear  between  20,000  and  25,000  feet.  HEtt  pictures  after'/. 
2520  E3T,  however,  show  significant  penetration  of  the  upper  shear  layer 
.and  formation  of  large  cumulonimbi  reaching  to  at  least  35 >000  feet. 

Such  growth  inay  have  been  occasioned  by  the  natural  seeding  of  the  su¬ 
percooled  water  in  the  convective  cloud  tops  by  particles  from  the  upper 
ice  crystal  deck.  This  process  would  cause  a  sudden  increase  of  cloud 
top  temperature  through.. release  of  the  .  latent  heat  of  fusion,  and  pro¬ 
vide  an  accelerating  impulse  for  continued  growth.  It  should  be  noticed 
further  that  the  layer  of  strong  shear  also  separates  the  dry  zone  of 
the  middle  troposphere  from  the  moist,  nearly  neutral  layer  at  400  mb 
and  above,  which  has  been  mentioned  earlier.  The  formation  of  the  con¬ 
vective  cells  at  very  low  levels  and  the  failure  of  many  of  them  to  pen¬ 
etrate  through  the  dry  shear  layer  show  that  these  cells  are  .basically  • 
a  low  level  phenomenon,  only  remotely  connected  to  events  in  the  upper  ,, 
troposphere . 


The  FPI  photographs  give  us  some  idea  of  the  evolution  of  the 
bands  of  convective  cells  after  they  had  moved  northward,  and  were  not 
extensively  observed  by  KKI .  Figure  3-9  illustrates  the  progressive 
change  to  stable  type  rain  which  occurred.  The  cells  gradually  lose 
their  sharp  outlines,  and  by  0421  EST  when  the  band  is  located  about 
100  miles  to  the  north,  the  conversion  to  more  or  less  stable  type  rain 
is  virtually  complete,  except  at  the  eastern  end  of  the  band.  It  is  ap¬ 
parent  also  from  the  figure  that  the  banded  structures  as  well  as  indi¬ 
vidual  cells  lose  definition,  and  there  is  a  tendency  for  merger  of  in¬ 
itially  discrete  bands.  This  conversion  may  be  attributed  to  continued 
low  level  convergence  which  operates  to  establish  a  neutral  lapse  rate. 
When  this  occurs,  the  precipitation  must  be  more  nearly  uniform  and  due 
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almost  entirely  to  the  large  scale  convergence  accompanying  the  hurri¬ 
cane  . 

It  is  believed  that  the  air  passing  Nantucket  at  2200  EST  was 
previously  even  drier  above  the  low  level  inversion,  but  convectively 
unstable.  The  air  may  have  attained  such  a  state  by  the  operation  of 
subsidence  and  radiative  processes  in  the  middle  troposphere,  and.  heat 
and  moisture  transfer  from  the  ocean  surface,  over  a  period  of  dayB. 

As  large  scale  convergence  begins,  the  lowest  layers  are  rendered  satu¬ 
rated  and  unstable  first,  because  of  the  great  moisture  values  near  the 
ocean  surface.  Convective  overturning  and  continued  large  scale  con¬ 
vergence  then  operate  to  increase  the  moisture  content  of  the  upper 
layers.  Virga  falling  from  the  upper  cloud  deck  (Fig.  3.1)  to  the  drier 
air  beneath  may  also  serve  to  decrease  the  stability  of  the  middle  lay¬ 
ers  hy  evaporative  cooling.  Transport  of  heat  upward  by  the  low  level 
convergence  and  the  convective  overturning,  however,  must  ultimately 
stabilize,  the  air.  The  2200  EST  sounding  apparently  catches  this  proc¬ 
ess  in  the  middle  of  its  act.  That  showers  of  this  type  occurred  in  the 
Cape  Cod  area  in  advance  of  the  storm,  but  not  at  Hempstead  (radar  pho¬ 
tographs  token  at  Montauk  Point  indicate  little  convective  activity 
ahead  of  the  storm  over  Long  Island),  appears  to  be  related  simply  to 
the  different  air  mass  types  present  at  the  two  locations.  In  a  sense 
then,  this  occurrence  may  be  viewed  as  a  synoptic  accident,  though  the 
flow  pattern  about  a  storm  in  middle  and  high  latitudes  must  be  instru¬ 
mental  in  drawing  air  of  characteristically  different  properties  into 
specific  regions. 

4.  Banded  Structures  Observed  in  Hurricane  Edna 

The  radar  photographs  of  "Edna, "  like  those  of  other  hurricanes,  in¬ 
dicate  that  the  precipitation  area  is  comprised  mainly  of  banded  struc¬ 
tures.  However,  it  is  found  that . stability,  moisture,  vertical  wind 
shear  and  other  meteorological  parameters  vary  irregularly  over  the 
rainy  region.  It  is  difficult,  therefore,  to  relate  banded  structures 
to  these  parameters »  Variations  in  the  internal  structure  of  the  bands 
also  occur,  as  is  shown  below;  it  appears  that  many  of  the  patterns  are 
similar  mainly  with  respect  to  their  bandedfiess,  and  otherwise  bear  lit¬ 
tle  resemblance.  This  section  deals  primarily  with  the  observations  in 
the  hope  that  others.,  may  be  stimulated  to  seek  appropriate  hydro-  and 
thermodynamic  explanations . 

4 . 1  Outer  Bands 

The  characteristics  of  the  outermost  hurricane  bands  are  re¬ 
viewed  only  briefly  here,  in  view  of  the  treatment  in  the  preceding  sec¬ 
tion  on  warm  showers.  First  evidences  of  these  structures  are  observed 
near  Nantucket  at  2200  EST.  Approximately  20  dots  about  one  mile  in  di¬ 
ameter  appear  nearly  simultaneously  in  a  region  50  miles  long  and  10 
miles  wide.  Like  most  of  the  bands  to  be  discussed  later  in  this 
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section,  their  orientation  approximates  that  of  the  surface  isobars  or 
surface  winds.  Within  twenty  minutes  many  of  these  grow  to  a  diameter 
of  fire  miles.  At  nearly  the  same  time,  a  second  line  of  showers  ap¬ 
pears  to  form  over  Cape  Cod  proper,  but  is  masked  by  general  scope  sat¬ 
uration  at  close  ranges .  As  noted  in  Section  3,  the  average  motion  of 
individual  cells  in  the  bands  is  22  knots  from  l60°,  in  excellent  accord 
with  the  Nantucket  winds  between  3,000  and  9,000  feet.  The  cells  form 
in  a  convectively  unstable  layer  in  which  there  is  only  very  slight  wind 
shear .  As  large  scale  rising  motion  and  horizontal  convergence  and 
smaller  scale  overturning  continue,  the  air  is  rendered  less  unstable 
and  the  cells  gradually  merge  and  form  a  nearly  continuous  precipitation 
area.  Some ! low  level  convergence  is  indicated  by  the  South  Truro  obser¬ 
vations,  the  wind  being  light  southerly  from  1430  to  1830,  light  NE  from 
1900  to  2330,  and  SE  after  passage  of  the  main  band.  Boston,  at  the 
western  extremity  of  the  band,  and  Nantucket,  near  the  band  when  it  is 
first  observed  to  form,  report  no  such  wind  shifts.  The  wind  at  Boston 
is  NE  to  NNE  from  2400  of  the  tenth  to  0330E  of  the  eleventh,  while  that 
at  Nantucket  is  SE  or  SSE  at  these  times  and  also  earlier,  from  22QQE  of 
the  tenth  when  the  band  first  appears .  ' 

It  appears,  therefore,  that  the  initial  trigger  for  the  main 
band  of  warm  convective  showers  is  a  line  of  convergence  parallel  to  the 
surface  winds  or  isobars.  While  the  individual  showers  move  with  the 
winds  from  3,000  to  9,000  feet,  they  remain  in  this  line.  Further,  the 
absence  of  noticeable  tendency  for  new  development  ahead  of  the  band 
suggests  that  the  line  of  convergence  progresses  with  the  showers.  The 
duration  of  precipitation  for  a  period  over  four  hours  also  indicates 
that  the  line  of  convergence  is  a  persistent  feature.  There  is  a  sug¬ 
gestion  that  a  convergent  region  developed  or  spread  with  an  eastward 
component,  for  new  convective  cells  are  seen  In  Fig.  3*9  to  be  initiated 
east  of  the  main  precipitation  area. 

.  The  reader  is  referred  to  the  figures  of  the  preceding  section 
on  warm  showers  for  illustrations  of  these  bands  and  the  wind  field  ac¬ 
companying  them. 

The  second  banded  structure  developed  swiftly,  as  portrayed  in 
Fig.  4.1.  Almost  perfectly  straight  rows  of  echoes  about  one  mile  in 
diameter  appear  oriented  along  260°  -  8o° .  At  times,  the  orientations 
appear  to  vary  slightly.  Individual  rows  are  often  staggered,  their 
ends  lying  parallel  to  one  another  and  at  a  separation  of  about  eight 
miles,  although  this  distance  varies  between  five  and  twelve  miles. 
Surface  winds  at  this  time  are  generally  ENE  to  NE  in  the  area  of  these 
bands;  therefore,  the  surface  winds  blow  from  a  direction  counterclock¬ 
wise  tc  the  eastern  ends  of  the  bands,.  This  is  illustrated  by  Fig.  4.2. 

Figure  4. 3  is  the  Hempstead  raob  for  0400  EST,  11  September, 
approximately  one -half  hear  before  the  first  of  these  bands  was  observed 
from  South  Truro  and  fifty  miles  WSW  from  the  point  of  their  appearance . 
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Portions  of  the  Montauk  Point  radar  record  (not  reproduced  here)  show 
that  stable  type  precipitation  is  present  in.  the  Hempstead  area  at  the 
time  of  the  sounding  with  these  fine  bands  somewhat  to  the  east.  Sub¬ 
sequently,  these  fine  lines  appear  still  further  to  the  east,  and  this 
tendency  for  filling  in  the  space  between  two  major  precipitation  belts 
is  also  evident  in  Fig.  4,1.  The  sounding  indicates  stable  (nearly  neu¬ 
tral)  conditions  from  the  surface  to  Tj>0  mb  and  slightly  unstable  strat¬ 
ification  above  the  marked  inversion  at  750  mb  to  700  mb,  the  highest 
point  reached  by  this  ascent  in  heavy  rain .  The  wind  veers  with  in¬ 
creasing  height  from.  NE  to  SSE  and  has  a  maximum  speed  at  5000'.  RHI 
pictures  indicate  that  two  precipitation  typeB  comprise  the  echo  pat¬ 
terns  shown  in  Figs.  4.1  and  4.2.  The  cellular  lines  are  undoubtedly 
low  level,  while  the  more  continuous  fuzzy  echo  in  which  the  cells  seem 
embedded  has  its  origin  in  the  middle  troposphere .  Such  overlapping  of 
two  distinctly  different  types  of  precipitation  echoes  is  due  to  the  : 
wide  vertical  beam  of  the  FPS-3  radar.  (See  pictures  11-14  of  Figs, 

10.1  and  10.3.)  v.-  '■>  - 

It  may  be  hypothesized  that  the  air  1b  originally  somewhat  more 
unstable  than  is  indicated  by  the  Hempstead  sounding  ..(Fig,  4.3)  -  Parti¬ 
cles  comprising  the  upper  deck  grow  as  large  scale  convergence  proceeds; 
this  explains  the  increasing  echo  received  from  the  uppen  layer  and  the 
lowering  of  its  base.  Simultaneously,  the  low  level  warm  showers  are 
initiated.  These  serve  as  an  additional  mechanism  leading  to  saturation 
of  the  middle  troposphere  and.  a  more  rapid  descent  of  the  upper  mass. 
Finally,  the  air  is  stabilized  as  in  the  case  of  the  warm  showers  previ¬ 
ously  die cue  Bed,  and  a  nearly  uniform  precipitation  pattern  is  observed. 
Except  for  the  smaller  size  and  closer  spacing  of  the  cells,  it  does  ap¬ 
pear  that  much  of  the  precipitation  observed  here  is  quite  similar  to 
the  warm  showers  observed  earlier.  While  RHI.  pictures  (Figs.  10.1  and 
10.3)  suggest  that  advection  of  the  precipitation  from  the  SE  may  play 
some  role  in  the  apparent  lowering  of  the  upper  echo  masses  Been  at  220° 
the  PEE  pictures  indicate  that  area -wise,  development  rather  than  advec¬ 
tion  iB  the  primary  factor.  Of  particular  interest  is  the  suggestion 
that  the  outbreak  of  precipitation  in  the  space  between  the  bands  in 
this  case  spreads  eastward  approximately  parallel  to  the  surface  isobars 
The  velocity  of  spread  can  only  be  estimated,  but  100  to  150  knots  seems 
to  agree  with  the  observations.  A  similar,  but  less  spectacular,  devel¬ 
opment  to  the  east  was  noted  in  the  outermost  band.  Attempts  should  be 
made  to  corroborate  these  observations  in  other  storms,  since  they  may 
provide  a  clue  to  the  hurricane  dynamics.  Figure  4.4  illustrates  the 
three  dimensional  structure  of  precipitation  and  heavy  cloud  as  seen  by 
the  FFS-6  radar  from  South  Truro  shortly  after  the  last  PPI  photo  of 
Fig.  4.1.  The  lowering  of  upper  echo  masses  described  in  the  text  above 
is  complete  to  the  south;  however,  the  onset  of  precipitation  from  aloft 
is  indicated  at  120°. 
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4 . 2  Inner  Bands 


More  or  less  homogeneous  bands  are  most  prevalent  within  about 
1^0  miles  of  the  eye.  Figure  4.5  illustrates  such  a  structure  about  70 
miles  NNE  of  Edna's  eye.  Examination  of  PPI  time-lapse  film  indicates 
that  the  motions  of  a  few  small  precipitation  areas  in  this  location 
relative  to  the  eye  (not  deduced  from  these  pictures,  however,  but  from 
others  at  different  times)  are  toward  310°  at  about  6O-65  knots  (see 
Section  5).  However,  Fig.  4.5  shows  that  the  band  area  moves  toward  the 
NNE  at  50  or  60  knots  _  The  South  Truro  PPI  photographs  in  this  case  are 
not  spaced  closely  enough  in  time  to  allow  positive  identification  of 
the  same  elements  in  successive  pictures.  However,  careful  examination 
of  the  original  films  suggests  the  following  explanation  of  this  appar¬ 
ent  discrepancy.  First,  the  band  area  is  undergoing  constant  develop¬ 
ment  along  its  eastern  end,  giving  the  impression  that  its  motion  has 
an  eastward  component .  Also,  development  along  the  northern  edge  of  the 
precipitation  region  gives  an  exaggerated  first  impression  of  the  speed 
of  northward  motion.  Thus,  the  development  components  account  for  part 
of  the  discrepancy.  Secondly,  it  is  believed  that  the  motion  toward 
310“  in  thiB  location  is  probably  representative  of  imbedded  convective 
cells,  the  generation  of  which  is  similar  to  that-  of  the  warm  showers 
discussed  earlier,  the  elements  within  the  more  or  less  homogeneous 
bands  under  discussion  here  are  of  a  different  origin,  and  should  not 
be  expected  to  move  in  the  same  direction  as  the  convective  cells.  This 
is  amplified  below. 

Figure  4,6  contains  selections  from  the  RHj  record  associated 
with  Fig.  4,5 ■  Note  the  striking  appearance  and  persistence  of  the 
bright  band  first  seen  between  80  and  90  na.  mi,  on  the  1010  photo.  In 
the  last  frames,  especially,  convective  cells  also  appear.  These  appear 
similar  in  their  generation  to  the  warm  showers  and  should  move  with  the 
winds  below  the  melting  level;  here  toward  310°.  Therefore,  it  is  not 
surprising  that  the  motions  reported  in  Section  5  should  reflect  those 
of  the  more  convective  elements,  since  these  are  usually  easier  to  fol¬ 
low,  and  the  quality  of  the  film  used  in  deriving  most  of  the  velocities 
allows  little  choice .  On  the  other  hand,  the  rain  associated  with  the 
bright  band  is  generated  aloft  and  moves  with  the  upper  winds.  Indeed, 
careful  scrutiny  of  the  original  South  Truro  film  suggests  that  such 
discrete,  though  ill  defined,  elements  as  exist  in  the  nearly  homogene¬ 
ous  area  move  toward  350°.  While  we  shall  discuss  the  significance  of 
these  bright  band  observations  in  greater  detail  below,  it  may  be  noted 
here  that  the  persistence  of  the  bright  band  implies  that:  (l)  some  of 
the  bands  on  the  PFT  scope  already  exist,  aloft  in  the  earlier  stages  of 
snow  formation;  (2)  vertical  velocities  at  the  0°C  level  in  these  re¬ 
gions  cannot  exceed  a  value  of  about  1  m/sec  which  would  prevent  dry 
snow  from  falling  out  of  the  upper  layers. 

The  raobe  so  Tar  presented  in  this  report  strongly  indicate  a 
turning  of  the  winds  with  height  in  the  manner  suggested  above  (see 
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I*  pfcsf:niat inn  at  So,  I  run;,  !  1  Sept.  1954.  Maximum  rang'*  in  i ?L»  .ui»i* ioi)  ;u i»  fluids  arc 
n  «  ;.Uv  ;  cjr.Um.ous  now  *nh  lew  “hard"  or  mnvren've  cells.  Arrow  marks  region  cJiarur  ter  izH  In  (hr  “bright  hand" 
s!i  I  «c.  4.(».  I  hr  wall  cloud  north  of  the  eye  area  appears  in  the  J040K  picture  at  200  ,  j  10  nautical  miles 
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•yoking  toward  200°  from  So.  Truro  at  indicated  EST’s.  Range  marks  are  at  intervals  of  10 
is  at  about  17,500  ft.  The  bright  band  rain  which  is  seen  to  steadily  approach  the  radar  is 


Fins  >2  and  )  8}  The  veering  of  the  wind  with  height  may  be  us  sue  j  - 
ated  in  many  cases  with  outflow  aloft  from  .the  hurricane  vortex  and  in¬ 
creased  wind  components  away  from  the  eye  at  the  upper  levels.  This  is 
a  necessary  adjunct  to  the  large  scale  low  level  convergence  and  rising 
motion  accompanying  the  widespread  precipitation.  These  outward  compo¬ 
nents  in  the  vicinity  of  the  eye  are  shown  by  Jordan  (.1952)  to  be  most- 
pronounced  in  the  sector  immediately  ahead  of  the  storm, in  accord  with 
what  we  have  found  here  for  Edna,  In.  future  radar  hurricane  studies, 
careful  programing  of  observations  may  lead  to  a  more  accurate  descrip¬ 
tion  of  the  wind  distribution  with  height  in  the  precipitation  area  near 
the  eye^ where  all  types  of  more  conventional  observational  techniques 
suffer  seriously  from  adverse  weather  conditions. 

P.aobs  taken  at  about  the  same  time  as  the  photographs  of  Figs 
4.5  and  4  6  are  given  in  Figs.  k.J  and  4.8  Note  that  the  Bedford 
sounding  about  50  miles  north  of  the  downwind  end  of  the  precipitation 
region  indicated  by  the  104b  EST  PFI  picture  shows  very  little  change 
of  wind  direction  with  height  above  a  thin  surface  layer.  The  sounding 
terminates  near  the  melting  level,  probably  because  of  balloon  icing 
The  humidity  measurements  are  obviously  in  error  at  upper  levels  The 
wind  direction  of  110°,  between  8,000  and  14,000  feet,  is  within  20°  of 
the  direction  of  rh.dar  weather  elements  In  this  location  relative  to 
the  eye,  as  reported  in  Section  5.  In  view  of  the  above  analysis,  we 
must  assume  that  the  wind  veers  at  levels  higher  than  those  reached  by 
this  ascent The  Nantucket  sounding  of  102J  EST  (Fig.  4.8)  taken  at  the 
upwind  end  of  the  region  indicated  in  the  .1028  picture  confirms  the  al¬ 
most  neutral  stratification  for  saturated  conditions  given  by  the  Bed¬ 
ford  sounding.  The  same  error  in  humidity  measurements  is  present  and 
this  may  be  due  to  a  washing  of  the  lithium  chloride  from  the  humidity 
clement  by  rain.  (The  occurrence  of  these  errors  has  been  noted  by 
Jordan  and  Jordan  (.1954)  and.  has  been  commented  on  briefly  by  Middleton 
\  i.94i ) .  ) 
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Figures  4.9  and  4.10  are  intended  primarily  to  illustrate  the 
relationships  between  the  band  directions  and  those  of  the  surface  winds 
and  isobars  The  isobars  and  wind  and  band  directions  are  most  nearly 
parallel  at  the  upwind  ends  of  the  bands,  if  some  intense  convective 
echoes  in  the  eastern  semicircle  of  the  storm  be  excluded  from  consider¬ 
ation.  Parallelism  is  poor  in  the  northern  outskirts  of  the  storm,  il¬ 
lustrated  by  the  northern  half  of  the  0730  picture,  where  light  winds 
make  a  large  angle  with  bands  and  isobars  Downwind  along  the  bands, 
both  bands  and  winds  tend  to  spiral  in  toward  the  eye,  with  the  winds 


showing  the  greater  incurvature  The  bands  are  therefore  oriented  be¬ 
tween  wind  and  isobar  directions  at  their  downwind  ends.  (The  wind  and 
pressure  fields  of  Edna  are  discussed  in  Section  9.)  It  is  of  interest 
that  the  N-S  elongation  of  the  hurricane  circulation,  as  given  by  the 
changing  distribution  of  surface  winds  and  isobars  as  Edna  approaches 
Cape  Cod,  is  in  some  measure  reflected  by  the  changing  band  orientation 
depicted  .in  Fig  4.10.  The  N-C  band  elongation  chow;:  at  ity^E,  Fig 
4.10,  may  be  related  to  a  similar  extension  of  the  surface  isobars,  which 
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f*  4.10.  Helationsbips  of  winds,  ••.ohars,  and  banded  radar  tIi  ip  tuu- -  nus-i  %  rd  from  S<*.  1 1  *i»  I- or  further 
explanation,  see  Kig.  4/>.  Nolo  the  changed  size  of  the  065  mb  isobar  between  and  H33,  Heiwern  the^r  limes 

the  central  pressure  el). meed  on!)  a  millihai  or  two.  For  discussion  of  I  he  cross  isobar  wi.vJ  component,  illustrated 
at  1433,  see  Section  ft.  Maximum  ranpe  of  tie-  first  three  pictures  js  3  70  mi  toiler,  that  of  the  last  5-  o>,! 
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commenced  about  an  hour  earlier,  and  is  shown  to  better  advantage  by  the 
133CF  synoptic  chart,  Fig.  10.1.  Sharp  edged  and  small  echoes  of  con¬ 
vective  origin  frequently  have  their  long  ares  at  a  large  angle  to  the 
surface  wind  direction  and,  as  suggested  above,  these  are  most  commonly 
observed  in  the  northeastern  quadrant  of  the  hurricane.  It  appears  to  be 
generally  true  that  both  winds  and  bands  spiral  inward  toward  the  hurri¬ 
cane  eye,  with  the  winds  displaying  somewhat  greater  incurvature. 

It  is  also  of  interest  to  examine  in  Figs.  4.9  and  4.10  and 
elsewhere,  the  detailed  structure  of  the  bands.  It  will  be  remembered 
that  the  outermost  bands  are  lines  of  convective  cells.  Nearer  the  eye 
rain  falls  generally,  but  evidence  of  cellular  structure  appear  within 
the  long  banded  concentrations  of  heavy  rain.  Within  200  miles  of  the 
eye,  cellular  structures  no  longer  predominate,  although  they  still  oc¬ 
cur;  most  of  the  rain  is  contained  in  relatively  diffuse  bands  ranging 
in  width  from  5  to  30  miles.  It  is  noticeable  too  that  the  bands  at 
great  ranges  from  the  radar  appear  wider  than  those  which  arc  close. 

This  is  believed  due  to  an  actual  widening  of  the  major  bands  with  in¬ 
creasing  height,  associated  in  turn  with  high  level  divergence..  This  is 
consistent  with  the  theory  that  the  major  bands  are  loci  of  intensified 
low  level  convergence  and  high  level  divergence,  other  evidence  for 
which  has  been  obtained  by  Simpson  (1954).  Incidentally,  only  little 
direct  evidence  concerning  intensified  low  level  convergence  in  the  vi¬ 
cinity  of  bands  has  been  obtained  in  this  study  from  the  reported  sur¬ 
face  winds ,  since  the  distances  between  reporting  stations  are  large 
compared  to  the  band  widths. 

One  of  the  interesting  features  of  the  nearly  homogeneous  band¬ 
ed  structures  is  a  small  scale  graininess  and  filamentary  structure. 

These  structures  are  apparent  only  in  some  of  the  photographs.  Their 
detectability  is  a  function  of  the  radar  settings  as  well  as  their  actu¬ 
al  physical  presence.  These  small  scale  structures,  a  typical  dimension 
of  which  may  be  taken  as  1/2  mile  (although  the  filaments  at  times  ap¬ 
pear  several  miles  long)  can  be  associated  with  short  period  fluctuations 
of  the  Drecipitation  rate  at  the  ground,  as  revealed  by  the  rate 
of  rainfall  record  taken  at  Fstahdin  Hill,  Figs.  4.11  and  4.12.  The 
second  of  these  figures  is  particularly  interesting  because  it  illus¬ 
trates  the  records  of  two  independent  gauges,  which  were  situated  ten 
feet  apart  when  the  records  were  made.  (See  Section  ?  for  further  dis¬ 
cussion  of  rain  gauge  details.)  The  general  similarity  of  the  traces 
during  the  heavy  showers  (and  at  other  times  as  well)  is  evidence  that 
Ir.e  fluctuations  are  real.  The  fluctuations,  which  have  periods  as 
short  as  l/2  minute  throughout  the  time  of  heavy  rain,  are  suggestive  of 
an  intermediate  scale  of  cell  or  turbulent  structure  within  the  bands 
uiich  agrees  qualitatively  with  the  graininess  observations.  A  period 
of  l/2  minute  at  the  ground  corresponds  to  a  length  of  l/2  mile  vrith  an 
up-ner  wind  of  60  knots;  these  figures  are  in  reasonable  accord  vrith  the 
synoptic  observations  and  the  observed  spends  of  weather  radar  elements 
(fection  5).  be  thus  come  to  picture  some  of  the  rai-"  bands  vrithin  15C 
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Fig-  4.11.  Edna  rate-of-rainfall  record,  determined  from  a  Friez  tipping  bucket  gauge  located  at  Katahdin  Hill,  MaBB. 
iiianscom  field),  I  he  rate  of  rainfall  is  given  by  the  lime  interval  between  successive  tips,  which  are  individually 
ErcT  “y  ?n.  Esterline  Angus  recorder.  The  intensities  reproduced  here  have  been  computed  from  each  tip  prior  to 
1000  EST;  at  later  timeB  only  the  total  number  of  tips  each  minute  are  considered,  thus  the  average  rate  during  each  minute. 
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MICROSTRUCTURE  OF  EDNA  SHOWERS  AS  RECORDED  AT  KATAHDIN  HILL, 
LEXINGTON,  MASS  8Y  TIPPING  BUCKET  RAIN  GAUGE  II  SEPTEMBER  1954 


MICROSTRUCTURE  OF  EOWA  SHOWERS  AS  RECORDED  AT  KATAHDIN  HILL, 
LEXINGTON.  MASS.  SV  HUOSON -JARDI  RAIN  GAUGE.  II  SEPTEMBER  1954 

U'li^iF'  ^-^2.  Comparison  of  records  of  Tipping Bucket  and  Hudson-Jardi  type  rain  guaees,  11  Sent.  1954  Katahdin 
Hill,  Mass.  The  two  gauges  are  situated  about  10  feet  apart.  The  collector  of  the  tTppfng  bucketKaurte  is  round 

ond«he  i"  ,!!?«*?*’  h  °Uhei1“dS0'1-J,ardl  is  8<luare  and  6  feet  on  a  side.  The  records  of  theBgauges  are  mad 
on  the  same  sheet  of  paper.  The  H-J  record  is  a  continuous  line;  that  of  the  T-B  is  a  succession  of  tick  marks 

rat^fOT  I  mm  °f  “8‘  Sh°Wer  Sh°Wn  ab°Ve’  ,he  H'J  regiaterK  its  maximum  recordable 


miles  of  the  eye  as  consisting  of  ensembles  of  small  cells  or  filaments , 
The  width  and  breadth  of  a  band  are  both  large  compared  to  a  typical 
cell  dimension,  although  some  filamentary  structures  extend  for  consid¬ 
erable  lengths  along  the  bands. 

The  relatively  uniform  and  very  light,  but  gradually  increas¬ 
ing,  precipitation  at  Katahdin  Hill  between  the  hours  of  0200E  end  0500E 
is  suggestive  of  a  descent  of  particles  which  are  first  created  in  the 
main  rain  area  of  the  hurricane  and  carried  ahead  of  it  by  strong  upper 
winds..  Ice  crystals,  descending  from  such  an  advected  upper  cloud  and 
melting,  may  grow  by  accretion  in  the  lower  clouds..  An  ice  particle 
with  a  fall  velocity  of  2  ft/sec,  carried  forward  at  a  speed  of  60  knots, 
would  travel  about  100  miles  while  falling  10,000  feet.  (These  figures 
are  applicable,  of  course,  only  above  the  melting  level)  other  mecha¬ 
nisms  are  probably  also  of  importance  in  determining  the  nature  of  the 
first  rain.  See  Section  6„ )  it  must  be  recognized  that  the  high  ice 
crystal  clouds  in  advance  of  the  storm  need  not  arise  by  ejection  from 
the  main  precipitation  area,  but  can  also  form  as  a  result  of  ascending 
currents  at  their  high  levels)  the  operation  of  the  two  processes  cannot 
usually  be  distinguished  by  means  of  radar  alone . 

In  the  region  of  heaviest  rain,  the  background  precipitation 
rate  of  one  to  two  inches  per  hour  implies  the  presence  of  updrafts  in 
the  middle  troposphere  of  one  to  two  meters  per  second  (see  Section  6). 
Thus,  many  smaller  particles  could  conceivably  be  carried  to  high  levels 
and  be  swept  ahead  of  the  storm  by  the*  diverging  flow  aloft.  As  noted 
above,  the  centers  of  the  bands  very  probably  mark  precipitation  and  up¬ 
draft  maxima.)  in  the  areas  between  them  the  falling  precipitation,  is  at¬ 
tributed  in  part  to  particles  carried  away  from  the  band  tops  by  diver¬ 
gence  and  in  part  to  condensation  within  the  weaker  updrafts  surrounding 
the  main  bands .  In  many  cases  the  area  immediately  ahead  of  a  rain  band, 
as  shown  by  radar,  is  associated  with  a  diminution  of  cloud  and  precipi¬ 
tation.  This  is  attributed  to  a  downdraft  and  region  of  low  level  di¬ 
vergence  which  compensates  the  intense  convergence  of  the  band.  These 
phenomena  are  illustrated  in  Figs.  5-1,  10.1  and  10-3. 

Yet  another  example  of  fine  structure  is  indicated  by  Fig-  4-13. 
Here  we  have  the  "band  within  a  band"  structure  at  its  best.  One  is  re¬ 
minded  of  Simpson's  visual  observation  (1954)  of  the  fine  structure  of 
spiral  r%in  bands  wnich  "revealed  a  series  of  billow  type  striations  of 
small  clouds  oriented  about  45°  to  the  line  of  the  spiral  band."  It  ap¬ 
pears,  however,  that  those  in  the  attached  figure  cover  a  larger  area 
than  could  be  adequately  surveyed  visually;  furthermore ,  since  t.hey  are 
imbedded  in  precipitation  they  cannot  be  readily  observed  by  visual 
means  alone..  It.  may  be  noted  that  the  orientation  of  these  internal 
striations  is  almost  perfectly  parallel  t.o  the  surface  isobars  (see 
Fig.  4.10).  Their  character  and  orientation  suggest  that  they  may  rep¬ 
resent  regions  of  low  level  cloudiness  in  which  the  raindrops  grow  and 
fneir  reflectivity  it  enhanced. 
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A  final  characteristic  of  the  inner  rain  bands  is  the  presence 
of  comparatively  great  convective  activity  at  their  upwind  ends  (Note, 
for  example ,  Figs,  4.9  and  4  10.)  If  the  air  flowing  into  these  bands 
is  initially  convectively  unstable,  then  the  rising  motion  will  set  off 
convective  cells  which  decay  as  the  air  is  rendered  of  neutral  stratifi¬ 
cation  by  overturning  and  by  the  continued  large  scale  ascent-  Downwind 
along  the  bands,  the  precipitation  would  then  become  more  continuous,  as 
is  observed 

4.4  Some  Further  Remarks  on  the  Origin  of  the  Bands 

Ligda  (1955)  has  also  noted  the  convective  nature  of  the  outer 
hands  and  the  relatively  smooth  structure  of  the  inner  ones,  and  has 
speculated  that  the  inner  and  outer  bands  owe  their  development  to  dif¬ 
ferent  processes.  He  associates  the  outer  bands  with  a  type  of  squall  . 
line  phenomenon.  The  inner,  less  convective  spirals  are  attributed  by 
him  to  the  low  level,  growth  in  spiral  stratocumulus  roll  clouds  of  wide¬ 
spread  continuous  rain,  which  is  supposed  to  have  its  origin  at  upper 
levels,  While  not  denying  the  importance  ..of  ouch  low  level  clouds,  the 
present  authors  incline  to  attribute  both  band  formations  to  the  same 
dynamic  (unknown)  mechanism-,  Since  inner  hurricane  bands  are  often  de¬ 
tected  at  great  distances,  eg.  150  miles,  they  assuredly  exist  aloft  in 
many  cases'*  and  do  not  derive  their  basic  structure  entirely  from  low 
level  growth.  Indeed,  Fig.,  4-; 6,  showing  the  bright  band  on  RHI,  offers 
direct  evidence  of  the  existence  of  a  banded  orderliness  in  the  snow 
prior  to  its  fall  into  the  lower  levels.  Also,  in  this  case  there  is 
little  or  no  low  level  growth,  indicating  that  the  corresponding  band 
(Fig.  4.5)  must  have  obtained  its  form  in  the  upper  levels.  It  is  be¬ 
lieved  that  structures  such  as  that  of  Fig.  4.6  are  frequently  well  de¬ 
fined  aloft,  but  the  precipitation  is  so  spread  by  wind  shear  between 
the  layer  of  its  generation  and  the  ground  that  it  appears  diffuse  in 
most  cases  on  the  PPI. 

On  the  other  hand,  we  have  shown  in  Section  3  that  the  outer 
convective  bands  originate  in  the  low  levels,  but  retain  banded  struc¬ 
ture  even  as  they  change  their  character  to  a  more  stable  type  (e-g, 

Figs  3-5j  5  4  and  3  9)-  I11  view  of  this  kind  of  evidence,  it  seems 

very  likely  that  the  banded  rains  occur  because  the  horizontal  distribu¬ 
tions  of  convergence  and  ascending  motion,  which  give  rise  to  the  rain, 
are  themselves  banded.  Whether  the  rain  at  one  place  is  stratiform  or 
convective,  light  or  heavy,  depends  on  the  stability  of  the  air  masses 
involved  and  the  intensity  of  the  convergence  bands,  other  factors  being 
equal  The  presence  or  absence  of  low  level  growth  is  dependent  on  ad- 
vection  into  the  rainy  region  of  clouds  formed  elsewhere  and  on  the 


*  Under  standard  conditions  of  propagation,  closely  approximated  in 
hurricanes ,  the  minimum  height  of  a  radar  signal  at  a  range  of  130 
statute  miles  from  a  ground  station  is  12,000  feet. 
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F' ip.  4.13.  Banded  structure  of  Hurricane  Edna,  11  Sept.  1954,  1334  EST,  as  seen  from  So.  Truro  23  cm  radar 
Note  tne  “bands  within  bands"  structure  enclosed  within  the  rectangle,  and  the  WB  29  aircraft  at  210  ,  45  miles. 
Maximum  range  depicted  in  this  picture  is  100  nautical  miles. 


presence  of  low  level  convergence  and  updraft.  As  in  the  case  of  the 
internal  striations  of  Fig.  k.13,  we  believe  that  low  level  strntocumu- 
lus  rolls  sometimes  give  rise  to  relatively  fine  "bands  and  filamentary 
structures,  by  providing  the  pattern  of  low  level  growth  and  enhancement 
of  radar  signal  described  by  Ligda. 

While  the  quantitative  explanation  of  the  bended  structures  in 
hurricanes  and  in  other  weather  systems  is  unknown,  they  may  reflect 
little  more  than  selectively  amplified  disturbances  or  the  occurrence  in 
a  circular  vortex  of  structures  akin  to  cloud,  streets  of  the  tropics,  as 
suggested  by  Wexler  (19^9) •  In  this  connection,  Abdullah's  recent  anal¬ 
ysis  (195*0  is  also  a  very  interesting  approach.  Attempts  by  the  present 
authors  to  relate  the  bands  to  wind  maxima  and  wind  shear,  as  proposed  by 
Kuettner  (.1955),  have  not  led  to  consistent  results. 

Understanding  of  these  varied,  phenomena  will  proceed  slowly  so 
long  as  detailed  measurements  of  meteorological  elements  through  large 
regions  of  the  storm  atmosphere  are  lacking.  Careful  use  of  radar,  es¬ 
pecially  systems  of  high  resolution,  may  prove  of  considerable  aid  in 
such  a  measurement  program. 

5*  Horizontal  Velocities  and  Vertical  Shear 

5*1  Horizontal  Velocities 

The  velocities  of  many  individual  radar  weather  elements  have 
been  determined,  using  PFI  pictures  taken  at  Hanecom  Field  and  South 
Truro,  Massachusetts,  and.  Montauk,  Long  Island j  and  the  locations  of  in¬ 
dividual  velocity  determinations  have  been  related  to  the  known  posi¬ 
tions  of  the  eye.  The  Hansccm  Field,  pictures  provide  data  for  most  of 
the  measurements  to  the  north  and  west  of  the  eye.  The  Montauk  pictures 
provide  data  for  most  of  tnose  to  the  ME  of  the  eye,  while  the  South 
Truro  pictures  provide  many  of  those  at  the  most  easterly  compass  points. 
The  number  of  measurements  based  on  data  gathered  at  the  three  stations 
is:  Montauk  *  J2,  Lexington  -  18,  South  Truro  -  jk,  or  a  total  of  8k. 

In  general,  it  has  been  possible  to  determine,  speeds  and  direc¬ 
tions  of  precipitation  elements  most  readily  at  the  upwind  ends  of  the 
bands.  At  the  downwind  ends,  the  patterns  are  so  diffuse  and  the  life¬ 
times  of  discrete  elements  which  are  present  are  so  short  that  it  is 
virtually  impossible  to  determine  the  speed  of  movement.  Although  the 
hurricane  passed  east  of  Montauk,  the  pictures  at  that  location  give 
little  information  on  the  velocities  vest  of  the  eye  because  they  were 
taken  at  the  rate  of  one  every  2  1/2  minutes.  In  this  interval  the  ra¬ 
dar  weather  elements  transferal  so  greatly  that  few  can  be  identified  as 
the  same  on  successive  frames.  In  many  cases,  a  direction  of  motion, 
but  not  speed,  can  be  determined. 

Figure  y.l  illustrates  the  velocities 


h'j 


of  radar  weather  elements 


Fig.  5.1.  a)  Streamlines  and  isovels  (relative  to  the  earth’s  surface)  of  radar  weather  elements 
positioned  with  reference  to  the  Eye  of  Edng.  b)  Streamlines  and  isovels  of  radar  weather  elements 
as  related  to  Edna's  eye,  moving  toward  30°  at  a  speed  of  30  knots.  Both  diagrams  are  based  on  84 
velocity  determinations.  The  motions  are  believed  representative  of  convective  cells  which  generate 
primarily  below  the  melting  level. 
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based  on  the  quantitative  measurements,  as  a  function  of  position  rela¬ 
tive  to  the  eye  of  the  hurricane.  The  patterns  have  been  smoothed  con¬ 
siderably  from  the  original  measurements..  As  explained  in  Section  4, 
the  velocities  are  believed  to  represent  most  closely  the  motions  of 
convective  cells  whose  substantial  generation  occurs  between  5,000  and 
9,000  feet,  these  discrete  cells  being  the  most  readily  observed  on  the 
photographs.  Figure  5*l(a)  depicts  the  motions  as  directly  observed  on 
the  radar  scope.  When  the  velocity  of  the  hurricane  as  a  whole  is  sub¬ 
tracted  from  the  observations  as  in  Fig.  5*l(b)>  "the  motions  are  seen  to 
be  nearly  tangent  to  circles  moving  with  the  storm  and  with  the  eye  at 
their  centers.  It  is  noteworthy  that  the  center  of  rotation  of  the  ra¬ 
dar  echoes  coincides,  as  nearly  as  can  be  determined,  with  the  pressure 
minimum  and  center  of  surface  circulation,  as  revealed  by  airwayB  re¬ 
ports.  This  is  even  clearer  from  examination  of  the  time-lapse  photos 
when  these  are  projected,  like  a  movie  than  from  study  of  the  limited 
quantitative  observations  on  individual  cells.  In  Typhoon  Lorna,  1954, 
it  appears  that  the  surface  center  of  circulation  and  the  pressure  min¬ 
imum  were  separated  by  about  35  miles,  unlike  Edna,.  In  the  case  of 
Lorna,  the  radar  center,  as  deduced  from  individual  echo  velocities,  is 
about  midway  between  the  surface  pressure  end  wind  centers  (Hatakeyama 
.et  al,  1955).  .. 

Figure  5.2  represents  the  distribution  of  speed  (relative  to 
the  earth)  aB  a  function  of  distance  from  the  eye  and  shown  for  sectors 
east  and  west  of  20°  azimuth.  Although  the  scatter’  among  the  pointB  is 
great,  there  is  little  doubt  that  the  maximum  speed  of  the  echoes  is  to 
be  found  at  abou  125  miles  from  the  eye,..  Figure  5,2  also  shows  that 
the  velocities  on  the  easterly  side  of  the  storm  are  somewhat  higher  at 
all  ranges  than  those  more  nearly  ahead  of  the  eye;  this  tendency  is  the 
same  as  that  of  the  surface  winds.  It  is  usual  for  the  stronger  winds 
to  he  in  the  right  semicircle  of  a  hurricane  (Dunn,  1951) »  'Comparison 
of  these  curves  with  surface  winds  enables  one  to  deduce  the  variation 
of  wind  with,  height  in  the  storm.  In  Fig.  5 - 5.*  there  is  plotted  the 
average  of  the  curves  of  Fig.  5°2  and  the  average  winds  and  gusts  re¬ 
ported  at  Nantucket  and  South  Truro.  The  exposure  at  both  these  sites 
is  ideal  and  the  winds  reported  should  be  nearly  representative  of  those 
over  the  open  sea.  The  wind  records  of  the  two  stations  are  nearly  the 
same  when  referred  to  the  eye  except  -very  near  the  eye,  and  the  curves, 
for  the  two  stations  are  therefore  presented  as  one  in  most  of  the  fig¬ 
ure.  It  may  be  recalled  (frontispiece)  that  the  center  of  Edna  passed 
directly  over  South  Truro,  but  west  of  Nantucket.  At  the  time  of  close - 
est  approach,  Nantucket  reported  her  highest-  winds. 

The  most  probable  represents tive  low  level  wind  may  be  taken 
between  the  reported  average  winds  and  the  gusts.  Figure  5*5  therefore 
indicates  that  outside  of  the  zone  of  maximum,  surface  winds,  the  winds 
increase  with  height.  Within  40  miles  of  the  eye  the  windE  appear  to 
decrease  with  height.  The  scatter  of  the  points  of  Fig.  5 is  such 
that  in  the  zone  between  40  and  90  miles,  and  also  within  20  mil.es  of 
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Fig,  5.2.  Speed  of  radar  weather 
elements  vs  range  from  Edna's  eye, 
as  determined  for  two  azimuthal  sec¬ 
tors,  The  curves  are  fitted  by  eye. 
The  speeds  are  believed  representa¬ 
tive  of  convective  cells  which  gener¬ 
ate  primarily  below  the  melting  level. 


DISTANCE  FROM  EYE  (  NAUTICAL  MILES  ) 


Fig.  5.3.  Comparison  of  speeds  of  radar  elements  and  surface  winds  in  Hurricane  Edna.  Rind  speeds  at  So.  Truro 
and  Nantucket  are  nearly  the  same  when  referred  to  the  Eye  of  Edna  except  within  40  miles  of  the  eye  and  the  curves 
fur  the  two  stations  arc  combined  in  this  figure.  The  radar  weather  speeds  have  been  derived  from  the  curves  of  Fig. 
5.2.  This  illustration  indicates  that  the  wind  increases  with  heigh!  outside  the  radius  of  maximum  surface  wind 
speed,  and  decreases  with  height  only  within  about  50  milne  of  the  eye. 
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the  eye,  the  sign  of  -che  change  of  windspeed  with  height  is  uncertain. 

As  noted  earlier,  the  radar  wind  data  are  probably  most  representative 
of  the  winds  around  6,000  feet  and  these  comments  should,  therefore,  be 
applied  to  the  low  levels  only. 

We  may  compare  the  latter  results  with  some  work  of  Simpson 
(195*0  -  After  his  reconnaissance  of  Hurricane  Dolly,  1955>  Simpson  com¬ 
puted  the  change  of  pressure  gradient  force  with  height  in  the  lowest 
7,000  feet  and  found  "that  while  there  was  a  rapid  decay  of  pressure 
gradient  force  with  height  immediately  adjacent  to  the  eye,  there  was 
conversely  an  appreciable  increase  with  height  at  a  radial  distance  of 
60-70  miles  from  center  to  either  side  of  the  eye,  but  not  along  the 
line  of  storm  movement.'’  (Sixty  miles  ahead  of  the  storm,  the  pressure 
gradient  .force  showed  a  very  small  increase  with  height ,  while  behind  in 
.the  rain-free  sector,  it  showed  a  decrease.)  It  is  also  of  interest  that 
the  maximum  surface  winds  in  Dolly  occurred  a l  radii  of  about  40  to  60 
miles  from  the  eye,  thus  placing  the  zone  of  pressure  gradient  increase 
with  height  in  about  the  same  relation  to  the  maximum  surface  winds  that 
is  suggested  by  this  study  of  Edna. 

The  absence  of  warm  core  structure  in  the  low  levels  is  indi¬ 
cated  by  Simpson's  reconnaissance  of  Typhoon  Marge  (1955) •  Here  little 
or  no  change  of  temperature  was  recorded  along  a  track  into  the  eye  at 
a  level  of  9,000  feet.  Simpson's  most  recent  work  (1955)  shows  the  warm 
core  structure  only  immediately  adjacent  to  the  eye  of  Edna,  indica¬ 
tions  are,  therefore,  that  this  pattern  of  decreasing  winds  with  in¬ 
creasing  height  does  not  obtain  in  the  low  levels  of  a  hurricane  rain 
area  outside  of  the  radius  enclosing  the  eye  and  the  maximum  surface 
winds • 


Figure  5'^  illustrates  the  fields  of  divergence  and  vorticity 
represented  by  rig.  5-1-  It  is  seen  that  near  the  eye,  especially  on 
the  west  side,  the  computations  indicate  a  strongly  divergent  field. 

In  the  outer  fringes  of  the  storm,  convergence  is  indicated  at  the  ef¬ 
fective  generating  level  (for  the  discrete  echoes),  believed  to  be 
around  6,00.0  ft  These  results,  insofar  as  they  indicate  strong  diver¬ 
gence,  are  rather  startling  and  should  probably  not  be  taken  seriously 
at  present . 


Accuracy  of  the  original  velocity  measurements  is  not  high, 
and  errors  are  likely  to  be  compounded  in  the  determination  of  deriva¬ 
tives  (a  network  of  points  20  miles  apart  is  used  in  computing  Fig.  5.*0  ■ 
Furthermore,  we  do  not  definitely  know  the  level  to  which  the  diagrams 
apply,  or  even  if  any  one  level  can  be  associated,  with  the  observed  ve¬ 
locities.  It  will  be  interesting  to  compare  Fig.  5.*<  and  the  others 
with  the  results  of  future  investigations  of  individual  storms. 
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,  ,Fi8-  5.4.  •Horiaoaul  divergence  and  vortical  component  of  vortlofty  determined  from  the  velocity  measurements 

Fig.  5.1.  The  results  apply  to  the  generating  level  for  discrete  identifiable  showers^  presumably  about 
6,000  feet.  In  the  computations,  these  results  appear  as  differences,  the  magnitudes  cf  which  are  about  the  same  as 
the  probable  errors  inherent  in  the  basic  data.  The  validity  of  these  eharts  is  therefore  in  considerable  doubt  at  this 
time  • 


Fig.  5.5.  This  photograph  of  the  FPS-6  scope  was 
taken  at  0945E.  11  Sept.  1954,  with  the  antenna  direc¬ 
ted  toward  200°.  it  illustrates  sloping  precipitation 
streamers,  the  rain  of  which  is  initially  generated  as 
snow.  The  brightest  range  mark  indicates  50  nautical 
miles.  The  relatively  sharp  upper  edge  of  the  echo 
from  20  to  40  miles  marks  the  melting  level. 


Fig.  5.6.  This  picture  of  the  FPS-6  scope  was 
taken  at  0605§>  11  Sept.  1954,  with  the  antenna  point¬ 
ing  toward  60  .  Note  the  relatively  great  slope  of 
the  nearby  echo,  as  compared  to  those  at  50  nautical 
miles  (center  of  photo).  The  rather  extreme  difference 
illustrated  here  is  probably  due  in  part  to  real  varia¬ 
tions.  However,  the  occurrence  of  similar  effects  on 
many  other  photographs  at  widely  differing  azimuths 
indicates  that  the  observation  is  due  also  to  the  width 
of  the  radar  beam,  which  produces  a  gross  averaging 
of  echoes  at  great  ranges. 


In  order  tc  obtain  improved  velocity  data  in  the  future,  it  is 
suggested  that:  (l)  a  high  quality  time  lapse  PPI  film  be  taken  with 
intervals  not  to  exceed  l/2  minute;  (°)  particular  cells  be  selected  for 
velocity  measurements  during  the  storm  and  that  RHI  photographs  be  made 
in  the  directions  of  these  cells.  (The  slope  of  the  pattern  on  the  RHI 
scope  is  indicative  of  the  level  at  which  the  velocity  measurement  is 
valid.  See  below.)  Of  course,  optimum  velocity  measurements  r>r  the  PPI 
require  a  narrow  vertical  heam  radar  which  does  not  superimpose  the  ech¬ 
oes  received  from  a  thick  layer  of  precipitation.  Such  measurements 
would  also  he  facilitated  by  constant  level  PPI  presentations. 

5.2  Vertical  Shear  of  the  Horizontal  Wind 

The  vertical  shear  of  the  horizontal  wind  may  be  determined 
from  RHI  pictures  with  certain  assumptions .  If  particles  of  the  same 
size  are  continuously  generated  in  an  element,  the  slope  of  the  pattern 
on  the  RHI  scope  is  given  by; 

=  Ig— £  (1) 

dz  vz  -  uz 


where  x  and  z  are  horizontal  and  vertical  displacements,  respectively; 
v  is  the  velocity  of  the'  generator  responsible  for  the  release  of  the 
precipitation  elements  (usually  assumed  to  be  the  same  as  the  wind  at 
its  level);  wz  is  the  component  of  the  wind  velocity  at  height  z  in  the 
direction  of  motion  of  the  generator;  v  is  the  particle  fall  velocity 
and  uz  is  the  velocity  of  the  updraft  through  which  the  particle  is 
falling  (Marshall,  1953  and  Atlas,  1955)-  It  is  of  interest  that,  with 
continuous  generation  of  particles  in  an  element,  the  pattern  formed 
moves  with  the  velocity  of  that  generating  element.  (This  is  the  reason 
for  the  assumption  made  in  Section  5-1  that  the  generating  level  is  that 
at  which  the  winds  given  by  the  soundings  are  the  same  as  the  measured 
velocities  of  radar  weather  elements.) 

Two  regions  of  shear  are  shown  in  the  South  Truro  RHI  pictures. 
The  first  is  illustrated  by  Fig.  3*k,  where  numerous  streamers  may  be 
noted  at  heights  between  18,000  and  30,000  feet.  However,  the  orienta¬ 
tions  along  different  azimuths  do  not  appear  consistent  and  the  pictures 
are  not  sufficiently  detailed  to  enable  accurate  measurements  of  slope 
to  be  made . 

The  second  region  of  noticeable  Ehear  is  in  the  lower  levels 
and  is  illustrated  by  Fig.  5-5-  The  average  of  some  dozen  observations 
of  this  type  between  0600E  and  160GE,.  11  September,  indicates  that  the 
term  (x~x0/z-Zg)  (a  space  average  of  dx/dz)  for  streamers  between  the 
melting  level  and  the  surface,  ranger  from  about  0.6  to  1.0;  with  the 
direction  toward  which  the  lower  portions  of  the  trails  slope  indicated 
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as  between  200°  and  24o° .  Scope  saturation  at  close  ranges  and  the 
great  range -height  distortion  introduced  by  the  long  horizontal  ranges 
used,  cause  the  individual  measurements  to  be  somewhat  uncertain. 

As  indicated  by  Eq..  (l),  the  pattern  is  vertical  where  w2  =  w  ; 
thus  a  vertical  pattern  is  expected  at  the  generating  level .  The  photo¬ 
graphs  show,  in  general,  that  in  the  widespread  continuous  rain  the  pat¬ 
terns  are  not  vertical  at  or  below  the  melting  level,  but  somewhat  above 
it.  Just  how  far  above  is  not  known,  since  most  of  the  photographs 
which  show  snow  at  all  demonstrate  a  rather  complex  structure  of  nearly 
vertical  streamers  which  do  not  lend  themselves  to  accurate  slope  meas¬ 
urements..  The  extreme  range-height  distortion  of  the  Edna  RHX  pictures 
also  makes  precise  measurement  difficult. 

It  is  interesting  to  consider  the  upper  wind  observations  with¬ 
in  the  storm  area  in  connection  with  the  observed  precipitation  trails.  . 
The  Reservoir  Hill  (Hans com  Field)  sounding  of  0900E,  11  September, 
given  in  Table  4  below,  is  like  most  others  in  the  main  storm  area  in 
that  there  are  no  reports  from  above  the  melting  level.  However,  the 
reported  low  level  wind  velocities  can  be  associated  with  the  observed 
low  level  trail  directions  if  the  winds  at  the  generating  level  are  from 
the  southwest  and  have  somewhat  greater  speeds  than  those  in  the  low 
levels.  The  vector  differences  Of  the  low  level  and  generating  level 
winds  would  then  be  about  parallel  to  the  direction  of  the  low  level 
■brails .  Arguments  similar  to  these  apply,  in  consideration  of  the  other 
upper  wind  reports  available.  It  may  be  noted  that  the  veering  of  the 
wind  with  height  deduced  here  is  similar  to  the  result  obtained  in  Sec¬ 
tion  4  by  consideration  of  the  motion  of  a  diffuse  band  (Fig.  4-5). 


Table  4.  Winds  reported  from  Reservoir  Hill,  09OO  EST,  13.  September  1954 


Height 
( feet ) 

Wind 

Direction  (# ) 

Wind 

Speed  (knots) 

sfc 

060 

15 

1500 

050 

13 

3180 

130 

36 

4800 

l4o 

59 

6260 

150 

4l 

7950 

150 

43 

9580 

150 

46 

11100 

150 

44 

12900 

150 

60 

With  regard  to  the  warn  showers  at  the  fringes  of  the  storm, 
Fig.  3 .4  gives  little  e'vldence  of  Bhear  in  the  shover  columns-  This  is 
in  accord  with  the  smell  shear  indicated  by  the  Nantucket  ascent  of 
10  September,  2200  EST,  in  the  low  levels  .-md  with  the  intense  convec¬ 
tive  nature-  of  the  motions  within  the  showers. 

An  interesting  effect  may  be  noted  in  Fig.  5*6,  where  the  shear 
appears  most  pronounced  at  close  ranges.  While  thiB  may  in  part  reflect 
real  variations  of  the  slope  of  shower  columns,  similar  observations  at 
different  azimuths  and  times  suggest  that  the  variation  of  slope  is 
largely  apparent  and  due  to  effects  of  radar  beam  width.  By  way  of  ex¬ 
planation,  we  may  note  that  at  close  ranges  the  beam  is  narrow  and  only 
small  cross  sections  of  the  target  are  averaged  to  produce  the  radar 
picture.  At  50  miles,  however,  the  1°  vertical  beam  of  the  FPS-6  is 
nearly  a  mile  vide.  A  large  cross  section  then  intercepts  the  beam  and 
the  radar  scope  picture  at  any  point  reflects  the  averaging  of  great 
portions  of  the  echo.  The  3.4*  azimuthal  beam  width  of  the  FPS-6  ef¬ 
fects  even  more  important  reduction  of  resolution  at  great,  ranges.  A 
sloping  column  at  great  range  will  thus  appear  more  nearly  vertical  than 
one  near  at  hand  and  will  show  less  detailed  structure. 

The  conclusions  above,  with  regard  to  wind  shear,  are  in  rea¬ 
sonable  agreement  with  knowledge  derived  from  other  lines  of  evidence. 
Also,  it  is  evident  that  generating  theory  provides  a  potentially  power¬ 
ful  tool  for  the  study  of  detailed  wind  structure  in  rain  areas .  How¬ 
ever,  various  aspects  of  the  theory  require  further  study,  particularly 
with  regard  to  the  exact  mechanisms  by  which  the  trails  are  generated, 
if  it  is  to  be  used  with  confidence  in  the  future.  Further  studies  of 
this  kind  can  be  facilitated  by  having  pictures  at  various  gains.  The 
radar  RH1.  scope  should  also  be  adjusted  for  short  ranges  so  that  inves¬ 
tigation  of  nearby  showers  may  be  made  under  conditions  of  relatively 
high  resolution  and  minimum  range-height  distortion. 

6  -  Notes  on  the  growth  Mechanisms  of  Hurricane  Rain 


The  heavy  rainfall  rates  and  very  high  melting  level  of  Hurricane 
Edna  make  the  analysis  of  its  rain  of  special  interest.  However,  data 
suitable  for  a  comprehensive  analysis  of  the  rainfall  in  terms  of  the 
growth  mechanisms  involved  are  not  available;  the  following  is,  there¬ 
fore,  intended  only  as  a  brief  introduction  to  what  appears  to  be  a  fas¬ 
cinating  and  important  subject. 

At  Katahdln  Hill,  Lexington,  Massachusetts,  near  the  center  of  the 
path  of  maximum  Edna  rain,  drop  size  samples  were  collected  using  the 
filter  paper  technique.  Some  of  the  results  are  presented  in  Table  5 • 
The  Hudson -Jardi  gage  listed  in  Table  5  operates  on  a  float  and  expand¬ 
ing  orifice  principle  and  has  been  constructed  according  to  British  and 
American  designs.  (For  one  discussion  see  Roseman,  1949.)  The  collec¬ 
tor  of  this  gage  Ip  six  Feet  square  and  the  instrument  has  a  time 
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constant  of  about  seven  seconds.  The  tipping  bucket  instrument  with 
special  19"  diameter  circular  collector  is  otherwise  the  standard  Friez 
gage. 


Differences  among  the  rainfall  .ate  measurements  listed  in  Table  5 
may  be  attributed  in  part  to  large  percentage  errors  in  the  exposure 
time  of  the  filter  paper  during  high  wind  and  heavy  rain;  the  time  lags 
of  the  gages  are  also  of  importance  during  rapidly  fluctuating  rainfall 
rates.  In  view  of  the  other  possible  sources  of  error  as  discussed  by 
Middleton  (1941),  it  is  gratifying  that  the  agreement  is  aB  good  as  in¬ 
dicated  in  the  table. 

Figure  6.1  presents  the  NQ  vs.  D  curves  for  each  of  the  nine  distri¬ 
butions,  where  is  the  number  of  drops  per  unit  volume  per  0.2  mm 
range  of  diameter  and  D  is  the  diameter.  Drop  size  distribution  param¬ 
eters,  with  the  exception  of  those  derived  from  Sample  #1,  are  plotted 
in  Fig.  6.2.  In  both  Figs.  6.1  and  6.2  are  plotted  standard  curves 
based  on  Marshall  and  Palmer's  (hereafter  M-P)  relation  (Marshall  and 
Palmer,  194Q)  N-p  =  N0  e”  AD}  Vhere  N0  is  0.08  cm-*1  for  any  intensity  of 
rainfall  and  X*  ^  R“0«21#  yhere  R  is  in  mm  hr--*-,  X  is  in  cm--*-  and  D 
is  in  cm.  For  further  reference,  Fig.  2  of  M-P's  paper  is  reproduced 
here  as  Fig. *6. 3. 

Proceeding  fijrgt  to  a  discussion  of  Sample  #1,  it  1b  seen  in  Fig. 

6.1  that  there  are^inore  .small  drops  and  fewer  large  drops  than  are  given 
by  the.  M-P  curve  for  the  same  precipitation  intensity.  When  this  sample 
is  portrayed  on  a  plot  of  %  vs.  D/Bg  or  the  equivalent  Np  vs.  "Xd*,  all 
points  fall  above  this  M-P  curve.  It  has  been  found  by  Donaldson  (1955) 
that  this  is  typical  of  drizzle  Bamples.  Quantitative  data  concerning 
drop  size  distribution  in  Hawaiian  rains  have  been  presented  by  Blanchard 
(1952).  Comparison  between  Sample  #1  and  five  of  Blanchard's  samples 
ranging  in  intensity  from  0.06l  to  0.12  mm/ hr  (of  these,  four  were  taken 
within  a  dissipating  orographic  cldud  and  one  well  within  an  active  oro¬ 
graphic  cloud)  shows  that  D_  of  the  Edna  sample  is  considerably  larger 
than  all  the  others.  This  difference  may  be  attributed  in  the  main  to 
the  larger  depth  of  cloud  present  when  Sample  #1  was  taken.  The  TPQ-6 
radar  record  for  this  time  (Fig.  3.7)  shows  a  solid  echo  to  5000  ft.  and 
some  scattered  return  to  10,000  ft.  The  Hawaiian  clouds  are  limited  by 
a  temperature  Inversion  characteristic  of  the  trade  wind  system  and 
which  is  at  a  modal  elevation  of  6,000  ft.  The  Edna  drizzle  and  Blanch¬ 
ard's  cases  are  both  evidently  derived  from  coalescence  processes  taking 
place  entirely  below  the  melting  level;  but  the  greater  D0  of  Sample  #1 
is  made  possible  by  the  great  depth  of  cloud  through  which  the  accretion 
process  can  operate,  the  rain  intensities  being  approximately  equal. 


*  Atlas  (1953)  has  shown  that  D  =  3-75/X  a  Marshall -Palmer  distri¬ 
bution. 


The  Np  vs.  D  curves  corresponding  tc  the  other  drop  samples  (Fig. 

6.1)  are  generally  quite  similar  in  shape  to  the  empirical  curves  of  M-P 
(Fig.  6.3),  The  relatively  small  differences  between  the  M-P  theoreti¬ 
cal  distribution  and  Edna  samples  vary  from  curve  to  curve,  but  in  gen¬ 
eral,  may  be  summarized  as  follows;  At  diameters  of  0.1  and  0.2  mm 
there  are  more  drops  in  the  Edna  samples;  between  0,5  and  1.5  mm  there 
r re  fewer  in  the  Edna  samples;  above  2  mm  there  are  more  drops;  above 
3  mm  there  are  sometimes  more  and  sometimes  less.  It  should  be  noted 
that  the  0»1  mm  drops  were  counted  by  neither  M-P  nor  Laws  and  Parsons 
(19^+8)  whose  experimental  curves  are  also  given  in  Fig.  6.3*  It  may 
also  be  noted  that  at  diameters  less  than  1,5  mm  both  the  Edna  samples 
and  the  observations  of  Fig.  6.3  contain  fewer  drops  than  given  by  the 
distribution  function.  This  deficit  is  striking  in  the  Edna  samples  and 
gives  rise  to  a  hump  in  the  individual  curves  between  1  and  2  mm.  ThiB 
also  appears  in  same  dozen  other  drop  samples  of  rain  heavier  than 
10  mm/hr,  which  were  taken  at  random  from  the  authors'  files.  It  is 
probable  that  the  hump  is  characteristic  of  other  rains  too,  since  such  a 
feature  is  suggested  by  the  observational  curves  of  Fig.  6.3  which  are 
based  on  the  averages  of  many  samples . 

Turning  now  to  the  drop  distribution  parameters  of  Fig.  6.2,  it  may 
be  seen  that  the  Z-R  relation  is  such  that  evaluation  of  rainfall  inten¬ 
sity  from  radar  reflectivity,  using  the  theoretical  curve  Z  *  296 
(derived  from  the  analytical  M-P  distribution  function)  is  in  these 
cases  always  accurate  to  well  within  a  factor. of  2.*  However,  it  is 
also  true  that  most  of  the  sample  Z's  are  less  than  those  computed  from 
the  M-P  curve.  As  rioted  hv  Marshs! ]  and  Palmer,  the  usual  deficit  of 
drqpG  about  1  mm  in  size  should  make  the  observed  values  of  M  =  ^  ]>^NlP, 

and  to  a  lesser  extent  that  of  Z  =  ^ND^,  smaller  than  those  derived 
from  the  equations.  Some  of  the  deficit  may  also  arise  from  the  inte¬ 
gration  to  infinite  drop  size  involved  in  determination  of  the  Z~R  rela¬ 
tion  from  the  distribution  function.  This  procedure  gives  too  much 
weight  to  large  drops  which  do  not  occur  in  nature,  owing  to  their  aero¬ 
dynamic-  instability.  The  conspicuous  departure  of  theoretical  Z's  from 
the  Z's  computed  in  the  ease  of  Samples  #6  and  #8  is  undoubtedly  moBt 
closely  tied  to  the  deficit  of  largest  drops  in  these  samples  (Fig.  6.1) 
relative  to  the  number  to  be  expected  in  the  theoretical  distribution 
for  the  same  rai n  inteneitv.  . 


Conclusions  regarding  the  variation  of  rain  water  content  in  space  M 
with  rain  intensity  R.  as  shown  in  Fig.  6.2,  are  similar  in  part  to  those 
with  regard  to  Z  However,  since  larger  drops  fall  faster  and  are  more 
spread  out  in  space,  M  tends  to  be  larger  at  any  given  rainfall  rate 


*  The  empirical  and  more  commonly  used  curve,  Z  =  200  (Marshall 

et.  al  I955)  is  also  plotted  on  Fig-  6.2.  The  locus  is  nearly  the 
seme  as  tba.t,  of  the  curve  based  on  the  distribution  function,  at 
least  in  the  region  of  interest- 
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when  the  drops  comprising  that  rain  are  smaller.  Thus,  the  samples 
wish  show  relatively  small  Z,  owing  to  scarcity  of  largest  drops,  evi¬ 
dence  relatively  large  M,  owing  to  the  relative  abundance  of  slow  fall¬ 
ing  smaller  drops . 

The  most  striking  feature  of  the  Edna  samples  is  the  relatively 
large  D0  of  five  of  the  eight  oases,  Also,  there  is  little  correlation 
between  D0  and  R  for  samples  #4  to  #8,  rather,  the  D0  values  tend  to 
cluster  between  2  and  2.6  mm.  The  relatively  very  large  DQ  of  Sample  #2 
may  be  a  transient  feature,  due  to  sorting  of  various  sizes  by  wind 
shear  (Atlas  and  Plank,  1953) ■  However,  the  clustering  of  D0  values  in 
the  other  samples  and  their  relatively  high  values  suggest  the  impor¬ 
tance  of  other  factors  for  the  determination  of  this  parameter.  We  shall 
offer  an  explanation  for  this  behavior  below. 

The  data,  though  sparse,  vary  systematically  from  standard  curves 
and  therefore  provide  a  reasonable  subject  for  study.  It  is  of  addi¬ 
tional  interest  to  consider  the  special  factors  in  this,  case  which  are 
associated  with  the  observations  as  a  whole,  for  these  might  be  the 
cause  of  particular  departures  from  the  standard.  During  Edna,  the 
.melting  level  was  near  14,000  feet.  ,  The  M-P  observations  taken  at  Otta¬ 
wa  in  summer  are  assuredly  associated  on  the  average  with  a  lower  melt¬ 
ing  level.  Laws  and  Parsons  state  that  their  observations  were  made 
during  1938  and  1 939  at  Washington,  D.  C.  While  it  is  evident  that,  some 
of  their  data  were  gathered  in  summer  thunderstorms,  there  were  presum¬ 
ably  some  winter  observations  associated  with  a  relatively  low  melting 
level.  We  come  thus  to  the  conclusion  that  the  Edna  observations  are 
associated  with  a  significantly  higher  melting  level  than  was  the  case, 
on  the  average,  with  the  other  observations  cited  here.  This  may  be  im¬ 
portant  because  in  Edna's  rains,  the  drops  could  more  readily  grow  by 
accretion  of  cloud  and  aggregation  with  each  other  to  sizes  limited  by 
their  aerodynamic  stability.  The  M-P  and  Laws  and  Parsons  data  probably 
bear  a  stronger  imprint  of  growth  in  the  ice  phase  and  of  the  breakup  of 
wet  snow  aggregates  into  a  relatively  large  number  of  small  droplets 
during  melting.  This  may  explain  why  their  average  D0's  are  less  for 
equal  rain  intensities. 


It  may  be  argued  further  that  in  more  usual  widespread  tropical 
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n  larger  for  a  given  rain  intensity  than  is  sug¬ 


gested  by  these  samples;  for  with  light  surface  winds  the  absence  of  in¬ 
tense  small  scale  turbulence  in  the  low  levels  would  reduce  the  proba¬ 
bility  of  drop  breakup.  Indeed,  the  turbulence  found  at  the  lower  lev¬ 
els  during  high  winds  may  be  responsible  for  the  clustering  of  the  D0's, 
as  noted  above.  In  this  regard  it  is  probably  significant  that  the 
largest  drop  recorded  in  Edna  is  only  4.3  mm  in  diameter;  in  other  cases 
drops  up  to  at  least  6  mm  nave  been  reported.  Numerous  observations  in 
tropical- type  rains  are  necessary  if  these  arguments  are  to  be  firmly 
s ur/p jrt e b.  or  denied. 
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It  is  of  further  interest  that  in  all  the  Edna  rain  samples,  large 
numbers  of  very  small  drops  are  observed.  In  the  heaviest  rain,  however, 
substantial  general  updrafts  must  exist  which  would  tend  to  hold  the 
smallest  drops  aloft.  Therefore,  we  shall  attempt  to  show  in  what  fol¬ 
lows  that  the  numerous  small  drops  most  likely  originate  below  that  lev¬ 
el  at  which  the  general  updraft  would  prevent  their  fall. 

In  order  to  gain  a  quantitative  notion  of  the  factors  at  work  here, 
consider  a  rainfall  which  arises  as  the  sum  of  contributions  by  conden¬ 
sation  at  levels  from  the  surface  to  200  mb.  A  linear  distribution  of 
divergence  with  pressure,  zero  at  600'mb,  serves  to  fix  the  distribution 
of  vertical  velocity  and  also  determines  the  amount  of  the  contribution 
of  each  layer.  The  individual  change  of  pressure  at  pressure  P  is  given 


where  PB  Is  surface  pressure  and  u  and  v  are  the  winds  in  the  x  (east¬ 
ward)  and  y  (northward)  directions*  respectively.  The  precipitation 
rate  is  given  by; 


where  g  is  the  acceleration  of  gravity  and  qB  is  the  saturation  specific 
humidity.  The  terms  have  been  tabulated  with  the  aid  of  the  skew  T-log  P 
diagram,  and  evaluated  numerically  under  the  assumption  that  the  atmos¬ 
phere  is  saturated  and  has  a  temperature  at  every  level  given  by  the 
moist  adiabat  which  intersects  1000  mb  at  l8°C.  Figure  6.4-  portrays  the 
results  for  divergence  at  1000  mb  of  -10"^  sec“4.  Tt  is  only  necessary 
to  multiply  the  indicated  updrafts  and  precipitation  contributions  by  a 
factor  x/6.8,  where  6.8  mm  hr'l  is  the  precipitation  corresponding  to 
values  of  Fig.  6,4  and  x  is  the  precipitation  rate  for  which  information 
is  desired.* 


*  Rough  computations  of  low  level  convergence,  using  the  reported  sur¬ 
face  winds,  have  indicated  reasonable  agreement  (within  a  factor  of 
2)  between  that  which  actually  occurred  and  that  which  is  assumed 
above  to  be  necessary  in  order  to  provide  the  rainfall  amounts  ob¬ 
served. 
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l-'ig.  mil  t|  l’S-1,1  iiml  |*I*|  (Pl'S-H)  pictures  taken  at  So.  Truro  on  11  Sept  1954.  Nutnbe.s  beneath 

till-  f  1 ur  I •  ■ .  r<  f. -r  I  ^T  .uni  tie-  a.-inatlli  toward  which  the  Kill  antenna  was  directed.  1  lie  top  Hill  picture 
demonstrates  th<'  transition  from  snow  to  rain  at  the  melting  level,  hut  rapie,  low  level  gruwtii  in  this  case 
temls  |..  ranee!  tin-  cl---  fas.  nl  e,  in,  intensity  usually  noted  below  the  melting  level,  1  he  lower  HIM  por- 
tr»\s  ,1  h:  i  trill  hand  of  nor.  al  appearatn  <•.  The  nearlv  i  onslan  echo  intensitv  bet  wen  tin*  around  and 

bright  hand  lave:  ...  to  re  e\ pe.-ted  with  onlv  slight  growth  in  the  l«  lev. -Is  „)  larte  ies  tailing  from  above. 
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It  is  found  that  in  rainfall  of  25  mrn/hour  the  updrafts  at  5000  feet 
are  about  30  cir./sec,  the  same  as  the  fall  velocity  of  0.1  mm  drops. 

While  turbulence  can  bring  drops  which  are  created  aloft  to  the  ground, 
•we  would  not  expect  large  numbers  of  small  drops  in  every  sample  if  this 
were  the  only  factor  operating.  Therefore,  we  are  led  to  believe  that 
in  this  general  heavy  rain  the  smallest  drops  are  continuously  created 
in  the  lowest  levels  (and  indeed  at  every  level)  just  as  drizzle  is  cre¬ 
ated.  in  low  lying  clouds,  and  partly  as  a  product  of  drop  breakup  near 
the  ground.  Of  course,  in  between  the  intense  .rain  bands  the  small 
drops  may  fall  through  weak  updrafts .  This  appears  to  have  been  the 
case  in  Sample  #1  of  Table  5 • 

It  should  be  noted  that  the  above  arguments  do  not  explain  the  ori¬ 
gin  of  the  distributions  observed.*  They  do  demonstrate  the  likely  im¬ 
portance  of  several  processes  long  cited  as  part  and  parcel  of  lighter 
rains,  and  the  probable  role  of  certain  processes  in  producing  distribu¬ 
tions  slightly  different  from  those  previously  observed.  For  now  we 
must  regard  the  basic  Shape  of  the  drop  size  distribution  as  due  to  fac¬ 
tors  which  are  quantitatively  unknown;  the  reasonably  good  fit  given  by 
the  application  of  the  M-P  relation  to  torrential  rains  is  a  fortunate 
coincidence. 

The  radar  observations  themselves  also  provide  a  key  to  the  rainfall 
mechanisms..  Figure  6.5  illustrates  two  rather  different  RHI  presenta¬ 
tions  with  corresponding  PP1  pictures.  These  RHI's  were  taken  with  much 
reduced  gain**  so  as  to  show  details  near  and  below  the  melting  level. 

The  precipitation  rates  represented  by  these  photographs  are  un¬ 
known.  However,  it  appears  that  at  1009,  snow  from  aloft,  melting  aB  it 
passes  below  14,000  feet,  gives  a  sudden  rise  of  reflectivity  at  that 
level.  Just  below  the  melting  level  appreciable  growth  of  raindrops  • 
must  occur,  for  there  is  not  the  usual  sharp  decrease  of  reflectivity 
characteristic  of  a  conventional  bright  band.***  It  can  be  seen  also 
that  the  echo  intensity  continues  to  increase  downward  to  the  ground; 
this  must  be  due  almost  entirely  to  accretion  of  cloud  drops  by  rain  and 
collision  of  raindrops  with  each  other.  The  persistence  of  such  a  fea¬ 
ture  indicates  that  this  region  of  growth  must  be  one  in  which  the  cloud 
water  continues  to  be  resupplied  by  fairly  intense  updrafts. 


*  For  a  recent  interesting  approach  to  this  problem  see  Hitschfeld 
(1955). 

**  The  gain  of  the  radar  at  the  time  these  pictures  were  taken  was  re¬ 
duced,  but  not  precisely  calibrated.  Thus,  the  two  pictures  may 
have  been  taken  with  somewhat  different  receiver  gain.  , 

***  This  explanation  for  the  absence  of  a  conventional  bright  band  has 
been  proposed  by  Atlas  (1955b)  .. 
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At  10^k,  on  the  other  hand,  the  conventional  bright  band  appears 
quite  strongly  at  the  same  ranges  at  which  it  is  absent  in  the  1009  pic¬ 
ture.  (Thus  the  absence  of  a  bright  band  in  the  previous  picture  can  be 
due  only  in  small  part  to  beam  -sridth  averaging.)  Belov  the  bright  band 
the  echo  brightness  is  about  constant  with  height.  In  this  case,  there 
is  good  evidence  of  little  or  no  growth  of  the  raindrops  below  the  melt¬ 
ing  level.  This,  in  turn,  indicates  the  absence  of  significant  cloudi¬ 
ness  and  updraft.  In  both  cases,  of  course,  the  particles  originate  as 
snow  well  above  the  melting  level.  It  appears,  therefore,  that  those 
bands  evidencing  continued  growth  through  and  below  the  melting  level 
correspond  to  bands  of  convergence  and  updraft j  other  precipitation 
areas,  viz.  those  displaying  the  conventional  bright  band  structure  and 
no  low  level  growth,  correspond  to  intervening  regions  of  little  or  no 
low  level  Updraft.  The  f  eraser  type  of  band  is  generally  the  intense, 
well  defined  one  on  the  PPI  scope  and  is  commonly  aBBociated  with  the 
heavier  rain  intensities }  while  the  latter  type  is  weaker,  more  diffuse, 
and  usually  corresponds  to  the  lighter  rainfalls.  This  correspondence 
between  PPI  and  REE  characteristics  is  actually  demonstrated  better  by 
Figs.  and  k.6  than  by  Fig.  6.5. 

While  we  have  associated  the  bands  showing  strong  low  level  growth 
with  the  heavier  rainfall  rates,  there  1b  some  question  regarding  the 
true  physical  character  of  the  most  intense  rainfall ...  We  are  not  cer¬ 
tain,  for  example,  that  the  heaviest  rainfall  evidenced  any  discontinu¬ 
ity  of  radar  reflectivity  at  the  melting  level,  since  the  heaviest  rains 
occurred  to  the  northwest  of  South  Truro,  while  the  REE  observations 
were  made  primarily  to  the  southwest.  Indeed,  it  ic  difficult  to  con¬ 
ceive  how  general  rains  of  the  order  of  50  mm/hr  in  intensity  could  dem¬ 
onstrate  such  a  feature.  Previous  computations  Indicate  that  a  steady 
rainfall  of  25  mm/hr  at  the  ground  would  require  an  updraft  velocity  of 
approximately  80  cm/sec  at  l5,000  ft,  the  approximate  height  of  the 
melting  level.  Thus,  greater  rainfall  rateB  would  be  associated  with 
updraft  velocities  which  would  prevent  the  fall  of  ordinary  snowflakes 
into  the  melting  zone.  One  would  assume  than  that  the  particles  would 
form  graupel  or  hail,  which  could  fall  through  such  intense  updrafts . 

In  the  case  of  graupel,  however,  the  small  and  gradual,  increase  in  echo 
intensity  upon  melting  to  rain  does  not  appear  to  be  adequate  to  explain 
the  rise  observed  (qualitatively)  at  the  melting  level  in  the  pictures 
studied  here .*  On  the  other  hand,  fast  falling  wet  hail  would  display 
practically  no  discontinuity  in  reflectivity  at  the  melting  level.  If 
such  hail  were  present,  we  would  expect  to  see  vertical  echo  columns  ex¬ 
tending  through  the  melting  zone  in  the  marine1-  of  ordinary  thunderstorms 
In  only  a  few  cases  (e.g.  Fig.  ^.6,  1058  EST)  can  such  an  echo  structure 
be  discerned,  and  then  not  with  certainty.  Therefore,  although  it  is 
felt  that  the  most  intense  rainfall  probably  originates  as  graupel  or 


*  The  change  in  reflectivity  associated  with  the  transition  from  grau¬ 
pel  to  rain  has  been  treated  by  Atlas  (1955a). 


hail,  this  cannot  be  supported  by  the  present  observations  - 

The  effects  of  stT'ong  updraft 3.,  which  are  of  common  occurrence  in 
active  thunderstorms  (where  the  bright  band  doee  not  appear),  are  evi¬ 
dent  in  the  photographs  of  Edna's  eye  (see  Fig.  8.5).  At  40‘  azimuth, 
the  melting  level  is  readily  distinguished  as  the  flat  top  of  the  echo 
mass  between  8  and  18  miles  range.  At  20  to  kO  miles,  however,  the 
bright  band  is  faint  or  absent,  since  solid  particles  present  in  the 
very  intense  updraft  of  the  wall  cloud  have  very  high  reflectivities  and 
remain  water  coated  as  they  are  carried  aloft.  In  the  50*  picture,  the 
disappearance  of  the  bright  band  as  the  core  of  the  wall  cloud  is  ap¬ 
proached  is  apparent.  (Other  pictures  of  the  wall  cloud,  however,  show 
faint-  evidence  of  a  discontinuity  in  otherwise  bright  echo.)  With  the 
high  vertical  velocities  implied  by  sustained  rainfall  rateB  of  2  and  3 
inches  per  hour,  a  significant  amount  of  snow  must  be  literally  tOBsed 
out  of  the  cldud  tops  and  dispersed  in  the  divergent  wind  field  neces¬ 
sarily  present  aloft .  This  too  is  indicated  in  the  eye  pictures  by  the 
echo  layer  aloft  similar  to  the  anvil  cloud  of  a  thunderstorm,  which  is 
connected  to  the  wall  cloud  in  a  small  column  and  spread  out  in  a  fan- 
like  fashion  above  the  eye ;  it  is  also  suggested  by  the  apparent  greater 
width  of  the  rain  bands  farther  from  the  radar  site  (Section  4) . 

In  summary,  we  note  the  following:;  Drop  distributions  collected 
during  Hurricane  Edna  roughly  approximate  the  distributions  given  by  the 
function  of  Marshall  and  Palmer.  Departures  from  this  standard  are  as¬ 
sociated  with  a  hump  in  the  curves  between  the  approximate  limits  of  0.5 
and 1,5  mm  diameter.  The  smallest  drops  are  more  plentiful  than  normal; 
drops  between  0.5  and  1,5  mm  are  lesB  plentiful  than  expected  and  drops 
greater  than  2  mm  are  generally  in  excess.  Departures  from  the  standard 
such  as  these  are  not  believed  to  be  uncommon;  but  they  largely  disap¬ 
pear  in  the  averaging  of  many  observations  because  the  hump  is  not  the 
same  in  location  or  Intensity  for  different  individual  curves.  The  hump 
appears  to  be  a  noteworthy  feature  of  the  individual  observations,  which 
requires  explanation , 

Departures  from  standard  of  the  Edna  samples  are  manifested  collec¬ 
tively  an  an  unusual  abundance  of  drops  larger  than  2  mm  and,  as  a  con¬ 
sequence,  rather  large  median  drop  sizes-  This  is  attributed  to  the 
relative  importance  of  accretion  and  aggregation  in  the  Edna  rain.  The 
agreement  between  the  Edna  and  M-P  drop  size  distributions  is  suffi¬ 
ciently  good  to  permit  the  use  of  the  M-P  reflectivity-rainfall  rela¬ 
tionship  7t  -  SOOR-1-’”  to  estimate  hurricane  rain  intensities  from  radar 
measurements  within  a  factor  of  2. 

Th*3  rainfall  at  various  times  and  places  in  Hurricane  Edna  seems  to 
have  been  generated  by  practically  every  known  precipitation  mechanism. 
Based  on  the  information  of  this  and  preceding  sections,  these  may  be 
summarized  as  follows:- 


(1)  Weil  in  advance  of  the  eye  (at  abdut  450  miles)  precipitation 
is  initiated  entirely  in  the  form  of  water  in  discrete  convective  cells 
oriented  in  bands  (see  Section  5).  TheBe  cellB  grow  and  penetrate  the 
0°C  level  at  14,000  ft  and  then  develop  into  cumulonimbus  at  about  the 
time  that  they  penetrate  the  base  of  an  overlying  ice  crystal  deck  at 
20,000  ft.  Whether  these  cells  would  develop  into  cumulonimbus  on  their 
own  is  not  known;  however,  it  seems  reasonable  that  the  combination  of 
high  water  content  in  convective  cells  and  the  presence  of  plentiful  ice 
crystals  in  the  upper  deck  would  cause  a  rapid  release  of  heat  as  the 
crystals  grow  at  the  expense  of  the  water.  This  would  provide  a  sudden 
acceleration  to  the  cloud  top  and  permit  its  growth  to  cumulonimbus  pro¬ 
portions.  Subsequently,  the  cells  merge  and  are  transformed  into  a  more 
diffuse  and  continuous  band  with  remnants  of  convective  activity  at  the 
•eastern  extremity. 

(2)  From  roughly  250  to  450  miles  in  advance  of  the  eye,  the  pre¬ 
cipitation  appears  to  break  out  as  diffuse  bandB  initiated  from  the  snow 
aloft,  as  well  as  in  the  form  of  bands  of  discrete  warm  showers.  Occa¬ 
sionally,  this  occurs  simultaneously,  resulting  in  the  superposition  of 
convective  and  diffuse  bands  on  the  PPI  scope. 

(3)  Within  roughly  250  mile®  of  the  eye  the  precipitation  .becomes 
generally  continuous  and  Intense,  with  only  small  breaks  between  bands 
of  heaviest  intensity.  The  lighter  precipitation  in  this  region  appears 
to  form  from  the  snow  aloft,  demonstrating  a  more  or  less  conventional 
bright  band  pattern  on  the  HHX.  The  presence  of  the  bright  band  sug¬ 
gests  that  these  regions  are  in  between  the  bands  of  intense  low  level 
convergence  where  the  snow  can  fall,  melt,  and  accelerate  without  sig¬ 
nificant  low  level  growth.  The  heavier  precipitation,  however,  corre¬ 
sponds  to  regions  in  which  the  echo  intensity  increases  suddenly  at  the 
melting  level  (in  a  downward  direction)  and  continues  to  increase  down¬ 
ward  in  the  low  levels.  This  suggests  that  these  heavy  rain  bands  are 
areas  in  which  low  level  convergence  and  vertical  motion  are  causing  the 
development  of  dense  cloud  which  permits  the  rapid  growth  of  the  rain 
and  the  melting  snow  by  accretion.  There  is  doubt,  however,  about  the 
nature  of  the  very  heaviest  precipitation,  since  the  required  vertical 
velocities  indicate  the  need  for  a  graupel  o.r  hail  process  which  is  not 
clearly  evidenced  by  fche  radar-  records . 

7 •  Edna’s  Path;  An  Analysis  of  the  Position  Reports 

During  Edna ' s  approach  to  land,  its  eye  was  tracked  by  reference  to 
the  standard  synoptic  maps  based  on  weather  reports  from  land  stations 
and  from  ships,  by  reference  to  ground  based  radar  PPI  presentations 
and  by  a  reconnaissance  aircraft  from  Bermuda.  The  reconnaissance  air¬ 
craft  was  guided  into  the  eye  on  the  basis  of  information  given  by  the 
airborne  radar  and  the  aircraft  pressure  and  radar  altimeters,  as  well 
aB  by  visual  data  on  the  curvature  of  rain  and  cloud  bands  and  the  dis¬ 
tribution  of  precipitation.  The  geographical  position  of  the  aircraft 
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Fig.  7.1.  Tracks  of  Hurricane  Edna  as  deduced  with  different  aids.  That  labelled  “Aircraft  Reports 
of  Eye  Positions”  is  based  on  the  reconnaissance,  reports.  That  labelled  “South  Truro  and  Montaulc 
Radars”  details  the  eve  positions  as  determined  operationally  from  the  PPI  scopes  of  the.  radar  sites 
during  the  approach  oi  the  storm.  The  Post  Analysis  is  based  on  conventional  synoptic  data  as  well  as 
studies  of  the  radar  records  of  the  hurricane  rain  area  and  aircraft  positions,  and  of  the  original  observers' 
logs. 
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and  eye  then  was  determined  "by  Loran,  other  standard,  navigation  tech¬ 
niques,  or  by  reports  of  ground  radar  when  the  aircraft  was  within  range. 

For  obvious  reasons,  it  is  appropriate  to  investigate  eye  locations 
as  reported  and  charted  during  Edna  by  observers  aboard  the  plane  and  on 
land.  This  will  enable  at  least  a  partial  determination  of  the  relative 
effectiveness  and  accuracy  of  various  methods,  and  may  suggest  the  means 
whereby  more  accurate  tracking  may  be  realized  in  the  future. 

The  earliest  eye  position  to  be  considered  in  detail  here  is  that 
given  by  Navy  aircraft  4tT93  at  0330  EST,  11  September  1954.  This  report, 
the  last  to  be  Bent  by  this  aircraft  prior  to  its  departure  from  the 
storm  for  Jacksonville,  places  the  eye  by  airborne  radar  at  36*59’E  X 
73*24 'W,  with  an  estimated  uncertainty  of  5  miles.  The  proximity  of  the 
aircraft  to  the  coastline  at  this  time  indicates  that  relatively  high 
confidence  may  be  placed  in  the  position  report,  navigation  being  a 
somewhat  more  certain  procedure  with  land  based  aids.  ThlB  position 
checks  within  a  couple  of  miles  of  that  interpolated  for  the  same  time 
from  locations  recorded  with  the  aid  of  ground  based  radar  at  Gape 
Charles,  Virginia.  Because  of  this  agreement,  this  point  is  used  as 
"anchor"  for  the  remainder  of  the  track  northeastward  and  over  Cape  Cod. 

Aircraft  34-59  (WB  29)  left  Bermuda  early  on  the  morning  of  11  Sep¬ 
tember  and  proceeded  northwestward  to  Seal  intersection  at  39°50'N  and 
69*40 'W.  It  arrived  there  at  12302,  circled  briefly  before  obtaining 
final  clearance,  and  then  departed,  westward  for  the  storm  center.  The 
i»lane  maneuvered  into  the.  storm  area  while  simultaneous  observations 
were  being  made  at  land  based  radar  stations .  The  radar  reports  also 
serve  as  a  check  on  the  aircraft  positions,  as  determined  by  Loran  or 
other  navigational  procedures. 

In  Table  6,  below,  is  a  list  of  eye  positions  determined  by  the 
meame  indicated.  The  positions  given  by  ground  radar  are  aircraft  loca¬ 
tions  at  times  when  reports  from,  the  aircraft  stated  that  it  was  in  the 
eye.  These  have  been  determined  from  the  radar  pictures,  as  well  as 
from  the  original  logs  kept  by  personnel  of  the  Lincoln  Laboratory  and 
the  Air  Defense  Command  Radar  Station  at  Montauk  Point. 

Two  possible  hurricane  paths,  based  on  the  positions  listed  in 
Table  6,  are  illustrated  in  Fig.  7-1-  A  third  path  labeled  "South  Truro 
and  Montauk  Radars"  is  based  on  eye  positions  determined  by  Atlas  at 
Bouth  Truro  and.  by  ADC  personnel  at  'Montauk  Point  solely  from  the  radar 
patterns  shown  on  the  PP1.  scopes  as  the  storm  approached.  These  posi¬ 
tions  are  generally  tc  the  north  of  the  others.  Track  ?  positions  up  to 
#9  8-rc  based  on  examination  of  the  aircraft  tracks  logged  by  Project 
Lincoln  and  Montauk  Point,  personnel,  as  well  as  from  inspection  of  radar 
photographs  which  show  the  aircraft.  The  tracks  recorded  by  the  Montauk 
and  Lincoln  sites  differ  somewhat  and  for  various  possible  reasons. 

First,  the  usual  tolerance  in  azimuth  for  a  radar  is  about  1°,  and.  the 
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Table  6,  List  of  eye  positions  of  Edna  and  the  means  by  which  they  were 
determined. 


TRACK  1 

TRACK  2 

No. 

Time 

(z) 

Transmitted 

Aircraft 

Position 

How 

Determined 

Other  Aircraft 
Position 

How 

Determined 

1 

i4oo 

39° 12 1 x  72°13' 

Loran 

2 

1430 

39°  20 ' x  71*4l ' 

Loran 

39*17 'x  71*34' 

Montauk  radar 

3 

1.500 

39°32'x  71*38' 

Loran 

4 

1530 

39°39'x  71*18' 

Loran 

39*46 'x  71° 18' 

Montauk  radar 

c; 

./ 

1600 

6 

1630 

40°00'x  70*55' 

Loran 

40*18' x  70*59’ 

Montauk  and 
Lincoln  ■ 

1.  ) } 

7 

1700 

4o°4o'x  70°4o ' 

'  Loran 

4o*34'x  70*33' 

Montauk  radar 

8 

1730 

4o°48'x  70*33' 

Montauk  radar 

40“50'x  70*29' 

Montauk  and 
Lincoln 

9 

1800 

41*15 'x  70*30' 

Montauk  radar 

4l“10'x  70*23' 

Montauk  and 
Lincoln 

10 

1830 

Martha's  Vine¬ 
yard 

Visually  from 
aircraft 

11 

1830- 

1900 

Martha's  Vine¬ 
yard 

Ground 

observation 

12 

1930 

Chatham 

69*  59 ' x  41*43' 

W.E.  Fishback 

13 

1944 

S .  Truro 

Ground 

observation 

14 

2010 

42*0 6'x  69*45' 

S.  Truro  radar 
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range  error  is  usually  less  than  a  mile  at  any  range.  A  reading  1°  in¬ 
correct  in  azimuth  corresponds  to  a  2  mile  error  at  a  range  of  100  miles 
and  proportionally  more  or  less  at  greater  or  smaller  ranges.  An  ele¬ 
mentary  statistical  treatment  shows  that  the  probable  difference  in 
reading  of  two  radars  is  then  about  3  miles  if  a  target  is  100  miles 
frcm  both  of  them.  Secondly,  there  my  be  an  important  contribution  to 
error  by  nonsynchronous  clocks .  A  one  minute  difference  between  clocks 
at  the  two  stations  results  in  a  4  mile  difference  of  readings  for  a 
target  which  moves  at  a  constant  heading  at  a  4  mile  per  minute  rate. 
This  source  of  error  is  not  of  overwhelming  importance  in  hurricane  re¬ 
connaissance  when  the  aircraft  is  in  radio  contact  with  a  single  radar 
station.  The  aircraft  position  and  that  of  the  hurricane  eye  may  he  de¬ 
termined  by  radar  when  notice  is  received  that  the  aircraft  is  in  the 
eye;  the  error  of  time  in  this  case  leads  at  worst  to  a  small  mistake  in 
a  velocity  computation  when  the  fix  is  referred  later  to  others  which 
are  correct  in  time.  For  the  purposes  of  this  paper,  however,  the  error 
is  of  possible  importance  because  the  path  of  the  storm  is  being  recon¬ 
structed  from  the  records  .kept  of  a  fast  moving  airplane  which  flew  a 
complicated  course  and  was  in  the  hurricane  eye  at  only  certain  reported 
times . 

Another  important  source  of  error  may  be  misreading  or  uncertainty 
on  the  part  of  the  ground  radar  observers .  Such  errors  tend  to  magnify 
the  average  differences  between  reports  from  two  stations . 

In  view  of  all  these  considerations,  it  may  be  considered  good  per¬ 
formance  that  Lincoln  and  Montauk  radars  indicate  agreement  within  eight 
miles  whenever  reports  synchronous  in  time  are  available.  Unfortunately, 
there  are  only  four  such  pairs  of  observations,  as  shown  in  Table  7- 


Table  7*  Comparison  of  Lincoln  and  Montauk  recordings  of  aircraft  posi¬ 
tions  when  the  reports  are  at  the  same  time  (taken  from  copieB 
of  the  original  logs ) . 


Reported 
time  (Z) 

Lincoln 

Position 

Montauk 

Position 

Distance  from  Montauk 
to  Lincoln  Position 

1704 

EL  2129* 

EL  2831 

7  miles  WSW 

l84o 

EM  3921 

EM  3218 

7l/2  miles  ENE 

1833 

EM  2326 

EM  2327 

2  miles  SE 

19?3 

EM  5633 

EM  3230 

5l/2  miles  NE 

*  Gecref  coordinates 


In  spite  of  these  differences  up  to  7  1/2  miles,  it  is  believed  that 
the  eye  positions  given  in  Track  2  of  Fig.  7*1  are  correct  within  four 
miles,  plus  whatever  error  may  be  ascribed  to  the  aircraft  personnel  as 
they  identified  their  location  in  the  eye  center  at  the  given  times. 

The  reason  for  this  is  that  examination  of  the  tracks  reveals  all  the 
locations  where  the  plane  orbited  in  the  eye,  and  there  are  enough  sepa¬ 
rate  fixes  within  these  small  areas  to  make  an  uncertainty  of  four  miles 
appear  reasonable..  Furthermore,  Lincoln  and  Montauk.  photographs,  which 
indicate  the  aircraft  positions,  have  been  available  to  the  authors  and 
these  have  been  carefully  checked.  They  have  to  some  extent  filled  in 
gaps  in  the  logs  and  have  provided  a  cross  check,  on  many  of  the  points 
recorded  there. 

These  considerations  lead  to  the  conclusion  that  the  prominent  dif¬ 
ferences  between  the  combined  ground  radar  track  and  the  Loran  track  are 
due  primarily  to  Loran  errors.  The  differences  do  not  depend  on  the 
aircraft  observer's  ability  to  place  himself  in  the  eye  accurately, 
since  both  tracks  are  based  on  positions  when  he  believed  the  aircraft 
to  be  in  the  eye.  Positions  1,  3  and  6  of  the  Loran  track  appear  espe¬ 
cially  unreasonable >  although  position  6  is  the  only  one  of  the.  group 
for  which  a  definite  radar  fix  is  available.  The  differences  between 
Loran  and.  radar  fixes  of  the  aircraft  up  to  18  miles  are  of,  great  inter¬ 
est  because  of  the  generally  accepted  high  accuracy  of  both  of  these 
procedures . 


The  diameter  of  Edna's  eye  was  reported  by  aircraft,  to  be  15  miles 
at  position  1.  Furthermore ,  the  eye  had  been  doubled  for  a  time  (see 
Section  9)  and  the  isobars  were  irregularly  shaped  when  the  eye  was  over 
Cape  Cod.  In  view  of  this,  it  is  remarkable  that  smootn  curves  enclos¬ 
ing  all  the  variations  of  the  various  tracks  (except  position  1  of  the 
Loran  track)  have  a  maximum  separation  of  only  14  miles.  It  may  be  con¬ 
cluded.  that  such  oscillations  of  the  point  of  lowest  pressure,  if  they 
exist  at  all,  are  smaller  than  the  dimensions  of  the  eye  itself.  Of 
course,  we  should  be  surprised  if  the  point  of  lowest  pressure,  or  any 
other  singular  point,  doesn't  bob  and  weave  a  bit  when  it  is  part  and 
parcel  of  such  a  complicated  mechanism 

North  of  position  8,  Captain  Taylor,  the  weather  officer,  fixed  the 
aircraft  position  and  that  of  the  eye  by  visual  contact  with  surface 
features.  Many  of  the  eye  positions  reported  by  aircraft  at  these  later 
times  are  incorrect  by  tens  of  miles.  The  extensive  area  of  light  and 
moderate  winds  was  very  great  at  this  time  and  made  location  of  a  pre¬ 
cise  calm  center  difficult,  especially  because  outlying  islands  in  the 
Cape  Cod  area  and  the  Cape  itself  lend,  protection  to  the  adjoining 
waters.  Further,  the  marked  eccentricity  of  the  pressure  field  near  the 
eye  and  the  relatively  slack  gradient,  on  its  western  side  (see  Section  9) 
mde  it  easy  to  mistake  a  trough  for  the  true  minimum  in  the  pressure 
field.  Fatigue  of  personnel  aboard  the  plane  was,  no  doubt,  also  of  im¬ 
portance..  However,  the  most  important  factor  leading  to  misplacement  of 
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Fig.  7.1!.  a)  The  PPI  picture  at  the  left  is  at  20  minutes  after  the  occurrence  of  calm  and  minimum  pressure  at  So.  Truro,  noted  in  the  chart. 
The  RHI  picture,  looking  toward  40°,  shows  the  eye  as  a  “V”  in  the  return  at  about  17  nautical  miles.  The  “V”  is  believed  to  be  a  good 
cation  of  the  eye  location;  the  layer-aloft  may  not  always  be  present. 


the  eye  after  l800Z  vas  a  relatively  rapid  change  of  the  cloud  and  pre¬ 
cipitation  structure  which  started  at  about  this  time.  As  the  eye 
passed  over  the  Cape,  a  line  of  heavy  cloud  extended  southward  on  the 
western  side  of  its  center.  Seen  from  its  western  side  it  looked  like 
the  wall  cloud,  and  due  to  its  very  heavy  appearance.  Captain  Taylor 
notes  that  there  was  no  wish  to  attempt  a  penetration.  This  is  shown 
best  in  Fig  7.2a,  where  the  cloud  line  is  visible  as  a  brilliant  hand 
just  east  of  northern  Cape  Cod.  When  the  eye  was  reported  from  the  air¬ 
craft  as  a  "gigantic  eye  over  Provincetown, "  its  center  was  actually  to 
the  east  of  the  cloud  line  shown  in  the  picture.  In  Fig.  7-2,  the  eye 
is  at  bo* ,  15  miles  range.  Further  confusion  was  caused  at  this  time  by 
the  rain  bands'  termination  along  a  nearly  east  west  line.  The  ends  of 
the  rain  bands  were  believed  to  be  wall  cloud  on  the  north  side  of  the 
eye.  These  errors  might;  not  have  been  made  had  the  plane's  radar  been 
operative  at  this  tine,  although  the  low  powered  3  cm  APQ-1.3  aboard  the 
aircraft  would  be  subject  to  severe  attenuation  and  pattern  distortion. 
The  reader  may  at  this  point  wish  to  review  all  of  the  recco  reports  as 
received  from  the  aircraft.  These  and  corrections  to  them  made  with  the 
assistance  of  Captain  Taylor,  appear  in  the  Appendix. 

We  come  now  to  consider  the  eye  positions  determined  by  Atlas  at  the 
South  Truro  site.*  Actually,  it  was  not  the  eye  that  was  tracked  but 
the  southern  side  of  the  most  southerly  band.  This  band,  as  seen  on  the 
radar  scope  and  which  often  resembled  the  silhouette  of  a  soaring  bird 
at  a  distance  (e.g.  see  Fig.  8.2),  was  evidently  as  much  as  20  miles 
north  of  the  point  of  lowest  pressure  at  times.  Atlas  himself  believed 
the  point  he  was  tracking  to  be  3  or  10  miles  northeast  of  the  supposed 
true  eye.  From.  Martha's  Vineyard  on,  he  attempted  to  fix  on  a  feature 
which  he  believed  to  be  the  north  rim  of  the  eye.  At  great  ranges  the 
radar  sees  the  upper  reaches  of  the  band.  The  eye  of  the  hurricane  was 
reported  by  the  aircraft  to  slope  northeast  and  this  is  confirmed  by  ra¬ 
dar  photographs  (Fig.  1.2).  A  slope  of  the  wall  cloud  in  this  sense 
would  increase  the  difference  between  the  band  location  as  seen  on  .radar 
and  the  position  of  the  surface  eye  when  the  eye  is  southwest  of  the  ra¬ 
dar  observer,  (At  a  range  of  100  miles,  the  base  of  a  horizontally  di¬ 
rected  beam  is  at  an  elevation  of  5,000  feet  above  ground  level;  the  up¬ 
per  half  power  point  of  a  3°  beam  is  19,000  feet  above  the  ground  at 
this  range  . )  Figure  7.2  shows  that  the  wall  cloud  northeast  of  the  eye 
slop'  s  about  15  miles  toward  the  northeast  between  the  surface  and 
30,000  feet  Such  a  slope  may  result  in  5  to  10  mile  errors  in  deter¬ 
mining  range  to  the  eye  from  a  great  distance,. 

Further  difficulties  were  experienced  as  the  eye  and  its  attendant 


*  The  first  five  positions  of  Track  3  were  made  by  the  Montauk  A DC  sta¬ 
tion,  it  appears  likely  that  both  Atlas  and  the  Montauk  observer 
tracked  the  same  feature,  as  judged  by  the  continuity  of  the  path. 
Unfortunately,  th<=  r c  were  no  radar  fixes  of  the  hurricane  eye  from 
Montauk  after  lU.U OZ 


heavy  rains  came  near  because  of  the  way  the  radar  was  used.  The  gain 
of  the  radar  receiver  was  reduced  so  that  details  of  the  eye  structure 
would  not  be  obscured  in  glare  associated  with  general  scope  saturation. 
Because  Sensitivity  Time  Control  (STC)  was  not  used,  this  operation  re¬ 
sulted  in  the  disappearance  of  outer  rain  bands  and  a  loss  of  informa¬ 
tion  of  value  in  determining  the  general  storm  layout.  At  the  same 
time,  decreased  range  to  the  eye  resulted  in  increased  echo  intensity 
which  caused  an  apparent  change  in  the  eye's  appearance.  Some  ground 
clutter  at  close  ranges  was  also  confusing.  Use  of  Moving  Target  Indi¬ 
cator  (MU.)  cancelled  ground  return,,  but  led  also  to  poorer  resolution 
of  detailed  features  of  the  precipitation. 

further,  after  the  eye  crossed  the  passage  between  Nantucket  and 
Martha's  Vineyard,  the  first  rain  band  vest  of  the  eye  became  so  intense 
and  extended  so  far  to  the  south  (Fig.  7*2)  that  Atlas  confused  this 
feature  with  the  apex  of  the  actual  wall  cloud  which  he  had  previously 
been  tracking.  Since  he  believed  the  apex  to  be  northeast  of  the  actual 
eye,  his  reported  positions  were  then  seme  10-20  miles  to  the  WSW  of  the 
actual  eye.  This  error  explains  the  sudden  decrease  in  speed  of  the 
storm  as  reported  by  Atlas.  It  is  a  striking  coincidence  that  the  same 
feature  of  the  storm  observed  visually  from  the  aircraft  caused  Captain 
Taylor  to  make  an  almost  identical  mistake.  Somewhat  better  radar  posi¬ 
tions  might  have  been  obtained  when  the  eye  was  within  about  50  miles  of 
the  radar  site  if  more  extensive  use  had  been  made  of  the  REE  radars 
(FPS-4  or  EPS -6)  to  check  the  locations  indicated  on  the  PPI  scope  (see 
Section  8  for  a  description  of  the  recommended,  technique).  Radar  posi¬ 
tion  #1?  war  determined  in  the  post  analysis  from  the  5  cm.  KHI  records 
taken  at  South  Truro,  as  well  as  synoptic  reports.  Incidentally,  it 
should  be  noted  that  the  differences  of  eye  positions  noted  here  are 
comparable  to  those  observed  by  Bunting  et  al  (1951)  in  their  study 
which  utilizes  aircraft  and  PPI.  radar  reportB. 

The  above  considerations  notwithstanding,  it  may  be  concluded  that 
the’  location  of  the  eye  by  radar  was  accurate  within  limits  comparable 
to  the  dimensions  of  the  eye  itself.  This  appears  adequate  for  most 
storm  ad/isory  work.  Improved  estimates  might  have  been  obtained  if  al¬ 
lowance  had  been  made  for  a  typical  eye  radius  within  which  there  is  no 
radar  echo,  unfortunately,  this  depends  somewhat  on  the  radar.  Although 
it  is  highly  desirable  to  fix  the  eye  absolutely,  it  is  more  important 
to  obtain  an  accurate  measure  of  its  speed  and  direction.  This  can  be 
done  by  the  consistent  tracking  of  an  outstanding  feature  of  the  wall 
echo  band  as  described  in  Section  8, 

It  should  also  be  borne  in  mind  that  the  data  of  this  section  does 
not  lead  to  unalterable  conclusions  concerning  the  best  tracking  methods, 
since  no  one  of  the  reconstructed  paths  is  considered  entirely  correct. 
Even  the  post  analysis  suffers  because  of  radar  errors,  nonsynefcronous 
clocks,  incomplete  and  insufficient  synoptic  data  and  because  the  air¬ 
craft  may  not  have  been  in  the  center  of  the  eye  when  it  was  thought  to 
be  by  those  aboard., 


Fig.  8.1.  The  nearly  sttaighl 
track  marks  the  location  of  the  si 


8.  Identification  of  the  Hurricane  Eye  as  Displayed  on  the  Radar  Scope 

The  eye  of  a  hurricane  as  displayed  on  the  radar  scope  is  perhaps 
the  most  important  single  feature  to  recognize  and  follow.  Since  the 
hurricane  is  a  constantly  changing  entity,  there  is  probably  no  one  as¬ 
pect  of  the  radar  presentation  which  will  invariably  serve  to  mark  the 
eye.  However,  a  combination  of  one  or  more  characteristics  of  the  pre¬ 
cipitation  pattern  will  generally  permit  the  observer  to  pinpoint  the 
eye  with  a  relatively  high  degree  of  accuracy.  Some  of  these  features 
and  other  helpful  guides  will  be  summarized  in  this  section.  Although 
most  of  the  material  presented  here  pertains  specifically  to  "Edna," 
the  proposed  identification  criteria  should  apply  well  to  other  hurri¬ 
canes  in  temperate  latitudes .  The  features'  of  low  latitude  stormB  are 
based  primarily  on  photographic  records  taken  by  one.  of  the  authors 
(Atlas)  during  the  Florida  hurricane  of  15-16  September  1945-  For  a  de¬ 
tailed  study  of  the  latter  storm,  see  H.  Wexler  (1949)* 

The  eye  of  a  hurricane  appears  on  the  radar  PPI  scope  approximately 
at  the  center  of  spiralling  of  the  bands.  Sometimes  it  is  at  the  center 
of  curvature  of  the  bands,  especially  of  those  near  the  eye,. hut  more 
often  it  is  "off center"  as  a  consequence  of  the  tendency  for  the  down¬ 
wind  ends  of  the  bands  to  lie  closer  to  the  eye  and  to  spiral  in  toward 
it  continuously.. 

The  centers  of  curvature  of  the  bands  of  Edna  are  only  rough  guides 
to  the  eye  positions,  as  is  shown  by  Fig.  8.1  belowo  The  individual  po¬ 
sitions  given  in  the  figure  are  based  on  the  radii  of  curvature  of  the 
most  prominent  bands  near  South  Truro,  or  the  average  of  several  such 
radii  when  no  one  band  appears  butBtandlng.  Generally,  the  inner  bands 
give  a  somewhat  better  indication  of  the  eye  position  than  the  outer 
ones,  although  it  is  clear  from  the  photographs  that  the  radius  of  cur¬ 
vature  of  bands  in  any  one  region  relative  to  the  eye  is  Itself  subject 
to  change.  This  is  illustrated  by  Figs.  8.3  and  8.4. 

In  the  subtropics,  the  eye  is  often  completely  surrounded  by  precip¬ 
itation.  Figure  8.2  illustrating  the  eye  positions  of  the  1945  hurri¬ 
cane,  shows  rain  bands  completely  encircling  the  eye.  As  this  hurricane 
moves  northward  over  the  Florida  peninsula,  it  Is  seen  that  the  radii  of 
curvature  of  the  inner  bands  increase  and  this  tendency  has  been  corre¬ 
lated  with  the  weakening  of  the  hurricane  circulation. 

In  temperate  latitudes,  precipitation  is  mainly  confined  to  the 
northern  semicircle  of  the  storm  (Dunn,  1951).!  this  is  the  case  with 
Edna.  In  these  circumstances,  the  eye  is  to  be  found  south  of  the  band 
of  smallest  radius  of  curvature,  the  cusps  of  which  point  generally 
south;  usually  this  is  also  the  southernmost  band. 

The  eye  positions  of  Edna  are  indicated  by  arrows  in  Figs.  8.3  and 
8.4,  some  of  which  also  point  to  the  reconnaissance  aircraft.  These  eye 
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F  ig.  8.2.  Hurricane  of  16  Sept.  1945,  as  seen  from  Orla  Vista,  Florida.  Note  rain  bands  completely  encircling  the  eye  at  0234  and  0252  FIST; 
this  feature  is  common  in  slow  moving  hurricanes,  and  in  lov  latitudes.  Range  marks  are  spaced  10  na.  mi.  Radar  is  10  cm.  AN /CPS- 1. 


positions  have  been  determined  by  cross  checking  of  aircraft,  radar  and 
synoptic  reports.  Discussions  with  Captain  Wallace  Taylor,  observer  on 
the  WB  29,  nave  proved  of  great  value  in  these  determinations  which  are 
discussed  at  greater  length  in  Section  7.  Another  method  of  eye  identi¬ 
fication  is  based  on  the  fact  that  discrete  radar  weather  elements  near 
the  eye  move  around  it  in  the  same  sense  as  the  surface  winds.  Thus  the 
center  of  spiralling  of  the  bands  as  observed  at  a  single  instant  is,  as 
far  as  can  be  determined  from  time-lapse  pictures,  identical  with  the 
center  of  rotation  of  small  precipitation  echoes.  In  practice,  it  may 
prove  rather  difficult  to  locate  the  eye  on  the  basis  of  this  informa¬ 
tion  because  of  the  short  lifetimes  of  the  discrete  echo  elements  near 
it.  In  most  cases,  these  elements  do  not  persist  long  enough  to  allow 
reliable  velocity  determinations .*  In  addition,  precipitation  near  the 
eye  is  not  especially  cellular.  Such  cells  as  do  exist  are  small  and  it 
is  difficult  to  find  discrete  elements  to  track.  It  is  necessary  that  a 
narrow  beamed  radar  such  as  the  EPS- 3  be  used  for  determining  the  eye 
location  by  this  means.  Otherwise,  the  small  elements  near  the  eye  are 
not  resolved  and  the  larger  forms  of  vhich  they  are  parts  are  seen  to 
move  with  the  storm  as  a  whole,  rather  than  with  the  horizontal  winds. 

The  comment  above  may  be  amplified  further  with  regard  to  proper 
tracking  of  the  eye.  It  may  be  more  convenient  to  pick  out  a  fairly 
stable  appearing  feature  (such  as  the  apex  of  the  "spread  eagle"  noted 
in  Pig.  8.3)  which  is  near  the  eye  and  follow  itB  motion.  This,  in 
fact,  was  the  method  used  by  Atlas  in  tracking  Edna  from  the  South  Truro 
site.  This  method  is  advantageous  in  that  a  definite  feature  ie  fol¬ 
lowed,  rather  than  a  large  hole  in  the  echo  mass.  However,  it  should  be 
remembered  that  the  positions  of  a  feature  Buch  as  the  spread-eagle  may 
be  as  much  aB  20  miles  distant  from  the  eye,  although  it  moves  with  the 
eye's  velocity.  Of  course,  in  a  mature  storm  such  as  Edna,  with  on  eye 
area  of  light  or  moderate  winds  perhaps  30  miles  in  diameter,  it  is. at 
least  as  important  for  forecast  purposes  to  assess  accurately  the  veloc¬ 
ity  of  the  storm  as  a  whole  as  to  determine  the  exact  eye  position  at 
every  moment. 

In  tracking,  one  must  take  care  not  to  become  transfixed  while  a 
particular  feature  slowly  transforms.  The  eye  area  ie  subject  to  impor¬ 
tant  changes  of  appearance  over  periods  of  an  hour  or  so,  and  constant 
reference  must  be  had  to  the  total  picture  in  order  to  avoid  improper 
tracking.  Changes  of  eye  structure  in  Edna  were,  in  fact,  partly  re¬ 
sponsible  for  errors  by  Atlas  and  by  the  crew  of  the  WB  29.  (See  Sec¬ 
tion  7  * ) 


*  Our  qualitative  finding  is  that  discrete  cells  and  masses  are  most 
persistent  in  the  outskirts  of  the  storm  and  of  very  short  duration 
(a  few  minutes)  near  the  eye.  McIntyre  (1955)  reports  on  echo  life¬ 
times  j.n  Hurricanes  Carol  and  Edna,  195^+>  and.  finds  similarly  that 
the  most  persistent  cells  are  farthest  from  the  eye. 


(  j 


Fig.  8.4.  Positions  of  the  eye  of  Edna,  11  Sept.  1954.  Radar  echoes  from  Cape  Cod  terrain  are  visible  at  1258  and  in  the  subsequent  pic¬ 
tures.  Note  the  squall  line-like  appearance  of  the  eastern  ends  of  the  bands.  Winds  of  hurricane  force  are  entering  the  line  head  on.  The  elon¬ 
gation  of  the  bands  in  the  last  pictures  is  well  correlated  with  elongation  of  the  surface  isobars. 


Another  method  of  eye  Identification  1b  suggested  by  the  poet  analy¬ 
sis.  Figures  8.5  and.  8.6  illustrate  RHI  photos  taken  e.t  10°  increments 
of  azimuth  when  the  eye  -was  within  20  miles  of  the  radar.  (The  picture 
at  ij-0*  is  shown  again  with  its  associated  FPT  photo  in  Fig.  7*2.)  The 
eye  is  associated  with  the  "V"  in  the  radar  echo  in  the  pictures  at  1*0% 
50° ,  60"  and  7O0 .  It  is  apparent  that  the  most  intense  convection  oc¬ 
curred.  at  the  time  of  these  pictures  to  the  north -northeast  of  the  eye, 
while  in  its  immediate  vicinity  general  precipitation  occurs  from  west 
through  north.  The  area  south  of  an  east-west  line  through  the  eye  is 
practically  devoid  of  rain.  Thus,  when  the  eye  is  suspected  to  be  with¬ 
in  about  50  miles,  RHI  search  in  the  area  of  its  presumed  location  may 
reveal  a  structure  similar  to  that  revealed  here.  The  relatively  great 
vertical  extent  of  the  wall  cloud  or  side  of  the  eye  in  the  direction  of 
its  movement  and  the,  trailing  cirrostratus  canopy  overhead  rosy  he  fre¬ 
quent  features  of  hurricanes  in  temperate  latitudes.* 

Of  course.  If  radio  contact  between  a  reconnaissance  aircraft  and 
the  .radar  site  is  established,  one  of  the  most  effective  means . of  track¬ 
ing  the  eye  is  to  fix  the  location  of  the  aircraft  when  its  crew  de¬ 
clares  that  it  is  In  the  eye..  Such  a  fix  should,  in.  most  cases,  be  cor¬ 
rect  within  the  limits  of  radar  accuracy,  usually  better  than  one'  mile. 
By  cross  cheeking  the  Interpretations  of  radar  observer  and  aircraft 
crew,  errors  on  the  part  of  both  can  be  minimized.,  although  one  may 
question  whether  this  technique  Would  have  rendered  an  improvement  in 
the  tracking  of  Edna**  in  the  immediate  vicinity  of  Cape  Cod. 


tfe  now  turn  to  consideration  of  tracking  procedures  which  can  be 
used  when  the  eye  region  is  bo  far  distant  that  it  does  not  appear  on 
the  PET.  scope.  These  may  bo  especially  important  when  tracking  a  storm 
fair  at  sea  from,  coastal  or  island,  sites.;  in  'these  cases,  the  usual  syn¬ 
optic  weather _ reports  may  not  give  sufficient,  indication  of  a  storm's 
path.  The  pictures  presented  in  this  section  and.  elsewhere  in  this  re¬ 
port.  demonstrate  that  the  band  direction  at  South  Truro  is,  in  its  most 
general,  sense,  unchanging  with  time  as  the  eye  approaches .  A  series  of 
photographs  taken  at  Pope  Air  Force  Base  (Fig.  6.7)  demonstrates  the 
changing  bard  direction,  near  the  station  as  Edna  moves  northward  along  a 
path  fa.r  to  the  east  of  the  station.  (This  figure  also  illustrates 
again  the  convective  nature  of  the  outermost  bands.)  Thus,  in  analogy 


imULar  ot&teiafejitB  regarding  surface  wind  direction,  the  following 


simple  rules  apply: 


(l)  If  the  large  scale  band  direction  through  the  station  is 


*  Potter  (i9!12)  presents  a  time  cross  section  of  a  hurricane  passage  at 
Halifax,  based  on  virtual  obser vptions,  which  1<?  quite  similar  to  the 
photograph  of  Fig .  fi  t  at  ho*  , 

**  As  described  1”  Section  aircraft  and.  radar  observers  were  misled  in 
tracking  Edna  by  1  n-.  turn,  fester*  of  the  storm . 


unchanging  with  time,  the  hurricane  is  approaching  directly. 

(2)  If  the  large  scale  band  direction  through  the  station  rotates 
in.  a  clockwise  sense  with  time,  a  northward  moving  hurricane  is  passing 
west  of  the  station. 

(3)  If  the  bands  rotate  in  an  anticlockwise  sense  with  time,  the 
hurricane  is  passing  east  of  the  etation. 

With  regard  to  application  of  the  above,  Fig.  8.8  illustrates  the 
development  of  a  rather  confusing  situation.  At  0800  the  band  direction 
through  South  Truro  would  probably  be  placed  at  260° -80°  by  most  observ¬ 
ers.  However,  an  area  oriented  along  300° -120°  intensifies  and  moves 
over  the  station".  At  O$0,  some  observers  might  give  the  direction  of 
this  bright  region  as  the  "large  scale  band  direction."  The  dilemma  can 
be  resolved  somewhat  by  noting  that  this  sequence  . is  of  a  rapidly 'devel¬ 
oping  nature.  Later  pictures,  as.  suggested  by  that  at  090 US,  show  that 
it  gradually  loses  its  identity.  The  intense  oddly  shaped  echoes  SE  of 
the  station  at  0901  are  shown  by  RHI  to  be  strongly  convective  in  nature 
while  most  of  the  precipitation  south  ,and  west  of  the  etation  shows  the 
bright  band.  These  convective  echoes  gradually  attain  more  stable  char¬ 
acteristics  and  take  on  the  general  appearance  of  the  rest  of  the  pat¬ 
tern.  .  "  :  -•  ■  ..  ....  .. 

It  is  probably  improper  to  relate  the  above  comments  to  hurricanes 
in  general,  but  they  give  notice  to  beware  the  drawing  of  sweeping  in¬ 
ferences  from  rapid  developments.  Care  should  be  taken,  especially. when 
the  eye  is  at  great  ranges,  to  follow  the  broad  evolution  of  the  PPI 
pattern  rather  than  be  influenced  by  small  scale  or  transient  develop¬ 
ments.  Reference  to  synoptic  reports  should  result  in  increased  value 
of  both  radar  and  synoptic  observations..  It  should  also  be  remembered 
that  neither  radar  nor  synoptic  analysis  is  infallible  (the  latter  espe¬ 
cially  over  oceans  where  data  is  sparse  and  often  Inaccurate)  and  that 
the  principles  suggested  here  are  very  probably  not  valid  in  all  cases. 

Figure  8,9  shows  a  complicated  and  confusing  situation.  The  various 
orientations  of  the  banded  structures  to  the  south  may  well  lead  to  dif¬ 
ferent  interpretations  as  to  the  eye  positions.  The  surest  aid  here  is 
again  an  acquaintance  with  earlier  radar  and  synoptic  developments.  In¬ 
cidentally,  this  "crossed  bands"  structure  is  even  more  prominent  in  the 
limited  radar  records  of  Hurricane  Carol,  195^ •  The  authors  have  not 
observed  such  in  pictures  of  low  latitude  hurricanes,  but  this  Is  not  to 
suggest  a  definite  geographic  restriction  to  its  occurrence. 

Tn  identification  of  the  eye,  phenomena  of  which  the  radar  observer 
should  be  especially  aware  are  "false  radar  eyes."  One  such  case  is 
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Ktg.  It ,(;.  KPS-4  HfU  photos  taken  at  10°  a/.inmthal  increments  nn  11  Sept.  1954,  when  the  eye  of  Hurnc;i*ne  i-dnn 
witM  tthoul  if»  niii’ln  it f  miles  northeast  of  the  rmiur  site  at  So.  Truro.  Hangc  marks  are  at  intervals  of  5  nautical  miles 
nnd  indicated  times  are  KDST.  The  great  echo  mass  at  4U°^is  indicative  of  convert  ion  nort h-northeusl  of  the  eve, 
whit  b  appears  as  a  “V**  in  that  picture  and  also  at  50°,  50  '  and  7()°.  The  upper  Inver  visible  in  the  tipper  6  oictures 
is  indicative  of  high  level  divergence.  Note  that  the  eye  is  open  to  the  south. 
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Fig.  8.7.  These  radius  piioioKruiilis  i.f  Hurricane  Edna  10  Sept.  1954,  are  from  the  CPS-9  (3  cm)  imitallation 
at  Pope  AFB,  North  (Iar<il iitij .  North  is  toward  tin*  top  of  each  picture  and  the  range  of  each  is  200  statute  miles* 
Note  the  cellular  nature  ni  \u*-  outermost  hands  and  their  slight  counter-clockwise  rotation  during  the  period  between 
top  and  bottom  pictures.  '1  is*  :»•*  u  s  from  the  northward  progress  of  the  whole  spiralling  system. 
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shown  in  Fig.  8.10.*  Simpson  (1955)  has  suggested,  that  these  form  in 
connection  with  relatively  small  scale  motions  in  association  with  in¬ 
dividual  rain  bands.  "When  the  observer  is  familiar  with  the  evolution 
of  the  EPI  pattern,  errors  of  eye  location  due  to  improper  identifica¬ 
tion  of  a  "false  eye'1'  may  be  avoided,  since  these  are  transient  features 
lasting  perhaps  fifteen  minutes  to  an  hour ..  Further  aid  to  proper  iden¬ 
tification  may  be  sought  in  the  large  scale  spiralling  pattern  of  the 
band  which  is  not  about  the  false  eye,  except  perhaps  in  its  immediate 
vicinity,  and.  in  the  motions  of  individual  elements  which  likewise  tend 
to  be  around  the  true  eye. 

9.  Miscellaneous  Synoptic  Aspects  of  Hurricane  Edna 

Six  hourly  surface  charts  and  twelve  hourly  500  mb  charts  of  Hurri¬ 
cane  Edna  are  illustrated  in  Figs.  9.1  and  9.2.  It  may  be  seen  that 
Edna  was  affected  by  a  trough  in  the  westerlies  and  that  its  motion  was 
in  good  agreement  with  the  large  scale  flow  at  50Q  mb.  .  The  motion  of 
Edna  has  been  studied  in  detail  by  Malkin  and  Holzworth  (195*0  who  found 
excellent  agreement  between  its  movement  and  space  averages  of  the  pres¬ 
sure  weighted  mean  wind  between  1000  and  200  mb. 

For  comparison.  Fig.  9.3  shows  the  500  mb  pattern  Just  prior  to  the 
northward  acceleration  of  "Carol"  and  "Hazel,"  195*1.  Carol  entered  New 
England  after  crossing  Long  Island)  Hazel  went  inland  near  Myrtle  beach. 
South  Carolina.  The  basic  similarity  of  the  various  cases  is  obvious. 

The  regular  expansion  of  the  surface  circulation  of  Edna  is  evident, 
in  Fig.  9.1.  This  type  of  change  has  been  noted  by  many  authors  as 
characteristic  of  the  transition  from  youth  to  maturity.  The  distribu¬ 
tion  of  precipitation  relative  to  the  eye  of  Edna  is  shown  by  Fig.  9**t* 
The  heaviest  rain  is  seen  to  be  in.  the  northwest  quadrant  of  the  Btorm. 
This  distribution  is  also  indicated  by  Fig.  9-5b  which  shows  the  total 
amounts  associated  with  the  storm  and  the  relationship  of  this  pattern 
to  the  path.  Figure  9.5&  shows  the  total  precipitation  and  path  of 
Carol.  The  hourly  precipitation  data  shows  that  little  or  no  rain  fell 
after  the  eye  of  Carol  passed  north  of  any  given  New  England  point  and 
that  the  maximum  intensity  of  rainfall  was  nearest  the  eye.  Thus  Carol, 
like  Edna,  had  rain  mainly  confined  to  the  forward  semicircle,  but  un¬ 
like  the  latter,  had  rain  distributed  more  or  less  evenly  in  NE  and  Ntf 
quadrants .. 

It  is  likely  that  the  rainfall  distribution  in  these  northward 


*  This  picture  is  one  of  many  taken  with  "Moving  Target  Indication." 

MTI  effects  a  disappearance  from  the  radar  scope  of  fixed  targets, 
such  as  hills  and  buildings,  and  a  weakening  of  other  echoes.  Com¬ 
parison  of  nearly  simultaneous  MTI  and  normal  pictures  of  Edna  reveal 
only  a  tendency  for  the  weaker  precipitation  echoes  to  disappear  with 
MTI. 
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Mg.  9.2.  Twelve  hourly  500  mb  charts  showing 
Hurricane  F/dna,  1954.  The  low  pressure  center  east 
of  Hudson  Bay  remains  about  stationary  as  Fdna  moves 
northeastward. 
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Kip.  0,4.  Uisiribuiion  of  precipitation  relative  to  the  eye  of  Kdna,  indicated  by  the  cyclone  symbol  in  all  but  the 
lirst  picture.  Hainfall  is  most  intense  and  widespread  in  the  northwest  quadrant,  with  maximum  hourly  amounts  oc- 
euring  about  90  miles  from  the  eye. 
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moving  storms  bears  an  important  relationship  to  the  temperature  field. 
Northeast  storms  of  New  England  generally  are  accompanied  by  precipita¬ 
tion  maxima,  in  the  region  of  strong  lov  level  thermal  gradient.  The 
differences  betveen  the  precipitation  patterns  of  Carol  and  Edna  may 
therefore  be  attributed  in  part  to  the  greater  air  mass  contrast  in 
Edna.  Hurricane  Hazel.  1954,  which  is  associated  with  an  intense  polar 
trough,  is  also  characterized  by  maximum  precipitation  to  the  vest;  in 
Hazel  there  is  also  an  important  orographic  contribution  in  the  region 
of  maximum  rain.  The  1958  and  1944  New  England  hurricanes  also  produced 
more  rain  on  their  western  sides,  but  only  the  former  appears  to  have 
been  associated  with  strong  air  mass  contrast  (Brooks  and  Chapman,  1945, 
and  Pierce,  1939) •  Recent  cases  which  evidence  complex  relationships 
between  the  positions  of  surface  low  centers  and  precipitation  distri¬ 
butions  are  Hurricanes  Connie  and  Diane,  1955,  illustrated  and  discussed 
in  Weather-vise  (Sumner  and  O'Connell,  1955) • 

One  of  the  interesting  features  of  Hurricane  Edna  is  the  great  and 
rapid  increase  of  northwest  wind  which  occurs  after  the  time  of  lowest 
pressure  at  stations  west  of  the  eye  path.  The  maximum  velocity  of  the 
northwest  wind  considerably  exceeds  that  of  the  winds  which  precede  the 
oime  of  lowest  pressure.  The  Blue  Hill  meteorogram,  Fig.  9*6,  graphi¬ 
cally  Ulus  Urates  this  phenomenon.  The  anomalous  northwest  gale  appears 
first  at  southernmost  stations,  such  as  Block  Island,  and  progresses 
hi.’i*thvard  at  the  speed  of  the  hurricane  eye,  appearing  at  least  as  far 
north  as  Brunswick,  Maine,  though  somewhat  weakened.  Efforts  to  relate 
this  feature,  which  commences  with  some  characteristics  of  a  burst  or 
squall  line,  to  pressure  Jung)  or  trough  lines,  using  the  extensive  orig¬ 
inal  data  and  hourly  maps  available,  have  not  been  at  all  conclusive. 

1‘;  does  appear,  however,  that  some  reasonable  interpretation  of  the  re¬ 
lationship  between  the  observed  wind  and  pressure  fields  is  possible  on 
the  basis  of  available  data.,  The  hourly  weather  maps  show  that  100  miles 
to  the  northwest  of  the  eye  the  wind  speedB  are  much  less  than  gradient. 

A  typical  observation  shows  a  wind  of  15  miles  per  hour  blowing  across 
the  isobars  coward  lower  pressure  at  an  angle  of  45°,  where  the  gradient 
*/ind  is  $0  miles  per  hour  (see  Fig.  9*7) •  Some  limited  trajectory  anal¬ 
ysis  indicates  that  the  hurricane  winds  from  the  northwest  are  initially 
a  part  of  such  a  weak  subgradient  flow.  It  is  also  seen  from  the  maps 
that  as  the  air  parcels  northwest  of  the  eye  travel  toward  lower  pres¬ 
sure,  they  are  acted  on  by  progressively  greater  pressure  gradients. 

Under  these  conditions,  the  parcels  accelerate  rapidly;  elementary  com¬ 
putations  have  indicated  that  the  equations  qf  motion  explain  the  ob¬ 
served  accelerations  approximately.*  Therefore,  it  is  felt  that  the  uri- 
usus.l  northwest  wind  can  be  described  largely  in  terms  of  observable 
differences  between  the  pressure  and  pressure  change  fields  of  Edna  ar.  3 
those  of  other  hurricanes . 


*  A  geostrophic  departure  of  100  nrph  indicates  an  acceleration  of  about 
40  )'iph  per  hour  in  these  latitudes. 
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b  ig. .  9.7.  Svnoptic  map  of  Hurricane  Edna  baaed  on  observations  made  at  airways  ftations  at  1230  EST,  11  Sept. 
1954.  The  numbers  in  large  type,  placed  one  over  the  other  in  the  form  of  a  fraction,  refer  to  the  geostrophic  and 
gradient  winds  respectively,  at  the  locations  where  the  numbers  are  indicated.  All  wind  speeds  are  in  statute  miles 
per  hour.  Note  that  winds  a  considerable  distance  to  the  north  and  northwest  of  the  eye  are  very  much  less  than 
those  given  by  the  gradient  and  geostrophic  approximations.  The  accelerations  associated  with  this  unbalance  of 
wind  and  pressure,  are  believed  to  have  given  rise  to  unusual  northwest  gales  observed  at  stations  west  of  the  eye 
path  after  the  times  of  lowest  pressure  had  passed.  These  northwest  winds  exceeded  in  strength  those  which  oc¬ 
curred  during  falling  pressure  at  the  same  stations. 
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I  Fig.  9.8.  Double  eye  of  hurricane  Edna  as  drawn  from  memory  by  Capt.  Wallace  Taylor,  observer  aboard  WB29 

which  performed  reconnaissance  of  Edna’s  eye.  Except  for  minor  oscillations,  all  the  radar  photographs  taken  from 
the  plane  presented  approximately  the  shaded  configuration.  A  thin  cirrus  layer  existed  in  the  hatched  area.  All 
winds  shown  are  observed  surface  winds.  The  dashed  line  is  the  flight  path,  of  approximately  45  minutes  duration. 
At  700  mb,  a  minimum  at  point  A  was  regularly  reported  at  the  eye  position.  Minima  in  the  surface  pressure  field 
existed  near  A  and  also  near  point  C.  The  centers  of  the  two  apparently  closed  wind  circulations  maintained  their 
relative  positions  until  they  merged  near  Martha’s  Vineyard.  Swells  of  40  to  50  feet  appeared  to  be  radiating  out¬ 
ward  from  both  eyes. 
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The  northwesterly  wind  burst  was  of  great  importance  at  the  time 
that  it  occurred.  Radio  broadcasts  made  shortly  after  the  lowest  pres¬ 
sure  had  passed  Boston  indicated  that  the  worst  of  the  wind  was  over; 
whereas  in  truth,  the  worst  had  not  yet  begun,  Further  studies  should 
be  particularly  oriented  so  as  to  exploit  the  possibility  of  forecasting 
an  occurrence  of  this  nature  from  hourly  mays  an  hour  or  two  in  advance. 
It-  is  probable  that  surface  friction  and  vertical  transport  of  momentum 
will  also  have  to  be  considered  if  satisfactory  Interpretation  of  the 
many  details  of  the  surface  weather  elements  is  to  be  obtained.  Unfor¬ 
tunately,  little  theoretical  work  has  appeared  on  the  low  level  winds  in 
a  moving  circular  pressure  field  since  the  classical  work  of  Shaw  (l95l)« 

Another  noteworthy  phenomenon  peculiar  to  Edna  is  its  double  eye. 
This  feature  was  first  reported  by  the  reconnaissance  aircraft  at  10001, 
11  September.  A  diagram  drawn  from  memory  by  Captain  Wallace  Taylor, 
weather  observer  on  the  plane,  is  included  as  Fig.  9.8.  It  is  noted 
that  only  the  northern  eye  is  bounded  by  precipitation j  therefore,  the 
radar  data  give  no  indication  of  the  double  structure.  According  to' 
Captain  Taylor,  the  eye  was  still  elongated  as  .it  passed  .Martha ' s  Vine¬ 
yard  and  this  is  borne  out  by  the  hourly  synoptic  charts  (not  extensive¬ 
ly  reproduced  here;  some  indication  of  the  elongation  is  given  by  Fig. 
4.10,  l4'33EST).  The  report  by  the  aircraft  of  a  double  eye  over  Prov- 
incetown  is  in  error,  as  explained  in  Section  7  and  in  the  Appendix,  It 
appears  that  Edna's  double  eye  is  a  transient  feature  of  the  storm. 
(Captain  Taylor  has  also  informed  the  authors  of  his  experience  in  a  Pa¬ 
cific  typhoon  which  possessed  a  double  eye . ) 

It  is  of  interest  that  Martha's  Vineyard  and  Nantucket  experience 
minimum  sea  level  pressures  within  0.10  inch  of  each  other.  (The  exact 
difference  and  its  sign  are  unknown  because  of  uncertainties  concerning 
the  Martha's  Vineyard  reading.)  The  center,  in  fact,  passed  between 
Nantucket  and  Martha's  Vineyard.  Nantucket's  wind  at  the  time  of  mini¬ 
mum  pressure  (953-9  mb)  was  from  the  south,  with  gusts  over  80  miles  per 
hour.  Martha's  Vineyard,  at  time  of  minimum,  appears  to  have  experi¬ 
enced  a  northerly  or  northwesterly  wind  which  was  not  more  than  25  mph. 
(The  wind  at  the  exact  time  of  lowest  pressure  is  unknown.)  This  non¬ 
symmetry  of  the  wind  distribution  is  reflected  also  by  reports  from 
other  stations  near  the  eye.  Immediately  adjacent  to  the  eye,  winds 
were  much  stronger  to  the  east  than  to  the  west.  This  may  reflect  In 
part  the  relative  displacement  of  the  centers  of  lowest  pressure  and  the 
centers  of  rotation,  as  discussed  by  Shaw. 

A  Bounding  made  in  the  eye  of  Edna  at  1030  EST  by  personnel  of  the 
WB  29  is  presented  in  Fig.  9 >9*  This  shows  that  Edna  has  a  warm  core 
structure  apparently  common  to  all  tropical  hurricanes,  and  deduced  pre¬ 
viously  for  the  eye  region  of  this  storm  from  the  velocity  measurements 
discussed  in  Section  5-  The  temperature  of  -'-l60C  at  700  mb  is  5°  higher 
than  may  be  realized  by  moist  adiabatic  ascent  from  the  surface.  The 
high  mixing  ratio  reported  at  700  mb  in  the  eye  is  higher  than  the  high¬ 
est  that  can  be  attained  by  ordinary  processes  in  the  saturated  air 
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Fig.  9,9.  Eye  sounding  of  Hurricane  Edna  made  by  crew  of  WB29  aircraft.  Heights  of  the  850  and  700  mb  levels  are 
indicated  in  parentheses.  The  heavy  solid  line  is  the  curve  o!  temperature,  the  dashed  line  is  that  of  dewpoint.  Sloping 
solid  lines  are  dry  adiabats  and  the  light  dashed  line  is  a  moist  adiabat. 


outside;  and  it  is  therefore  probable  that  this  report  is  erroneous. 

Finally,  certain  other  experiences  of  the  reconnaissance  aircraft 
crew  bear  reporting.  Turbulence  was  observed  in  most  of  the  rain  area 
and  was  greatest  in  the  heaviest  cloudB  and  precipitation.  Severe  tur¬ 
bulence  was  experienced  near  the  eye,  especially  just  to  its  north. 
However,  there  was  little  or  no  turbulence  in  the  light  wind  area  of  the 
eye. 

At  about  20302  the  aircraft  flew  from  Cape  Cod  SSE  to  the  distressed 
Nantucket  Lightship.  Captain  Taylor  reports  that  the  cloud  tops  were  at 
only  7,000  feet,  but  that  severe  turbulence  and  heavy  rain  was  experi¬ 
enced  within  them.  The  authors  of  the  present  paper  have  computed  that 
the  vertical  velocities  necessary  to  give  condensation  equivalent  to 
precipitation  of  10  mm/hr  in  such  a  thin  layer  would  be  accompanied  by 
low  level  convergence  of  about  1.5  x  10" *  sec"-'-.  It  is  of  interest  in 
this  connection  to  note  the  strong  convergence  in  the  southeast  quadrant 
of  the  hurricane  which  is  indicated  by  the  ship  reports  at  1&302  (see 
Fig.  9-l)“  However,  the  chart  neither  verifies  nor  disproves  the  magni¬ 
tude  given  above.  Captain  Taylor  further  reports  that  the  tops  of  these 
clouds  were  smooth,  with  no  cumuliform  buildups.  Such  a  relatively  low 
cloud  top  may  have  been  produced  by  continuous  advection  of  dry  air 
above  7,000  feet.  The  presence  of  strong  Bhear  Implied  by  such  a  proc¬ 
ess  may  also  help  to  explain  severe  turbulence  in  clear  air  immediately 
above  similar  clouds,  aB  was  observed  later  at  a  point  some  100  miles 
SSW  of  the  eye. 

10.  Summary  of  Highlights 

First  evidence  on  radar  of  Hurricane  Edna,  as  observed  from  South 
Truro,  Massachusetts,  is  an  KHI  echo  which  corresponds  to  a  dense  upper 
ice  crystal  deck  (see  picture  1,  Fig.  10.1).  These  crystals  are  carried 
ahead  of  the  main  rain  area  nearer  the  eye  by  the  high  level  winds  and 
their  continued  existence  far  in  advance  of  the  main  precipitation  also 
implies  some  lifting  in.  this  vicinity.  As  the  storm  approaches,-  the  up¬ 
per  echo  layer  thickens  and  its  base  slopes  downward  toward  the  precipi¬ 
tation  area,  as  shown  in  pictures  2-3-  This  structure  is  similar  to 
that  in  advance  of  a  typical  cyclone  of  temperate  latitudes.  The  out¬ 
flowing  echo  layers  are  generally  separated  by  blank  spaces  in  the  pic¬ 
tures  from  the  rain  bands  from  which  they  appear  to  emanate.  This  is 
attributed  to  a  local  compensating  downdraft  region  ahead  of  the  main 
rain  band  which  results  in  partial  evaporation  of  the  icy  crystals  and 
a  weakened  radar  return. 

At  about  k$0  miles  in  advance  of  the  eye,  the  development  of  low 
level  convergence  in  convectively  unstable  air  results  in  the  formation 
of  lines  of  convective  showers  which  are  oriented  along  the  surface  iso¬ 
bars.  Their  initial  formation  takes  place  entirely  below  the  melting 
level  (13,700  feet)  and  they  move  in  good  agreement  with  the  winds  be¬ 
tween  3*000  and  9*000  feet  (Fig.  10.2,  top).  Many  of  these  later  grow 
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Fig.  10.1.  Sequence  ol  RHI  pictures  looking  toward  the  eye  of  Edna  as  the  storm  approaches.  Pictures  1-3, 
FPS-4  radar,  5  nautical  mile  markers;  Pictures  4-8,  FPS-4  radar,  10  nautical  mile  markers;  Pictures  9-12,  FPS-6 
radar,  IQ  nautical  mile  markers.  Note  the  open  space  between  the  forward  edge  of  the  rain  band  and  the  upper 
cloud  in  advance  of  it  in  pictures  4,  5,  6,  11,  and  12.  Picture  7  with  the  gap  at  close  range  demonstrates  that  the 
gap  of  pictures  4,  5,  and  6  is  filled  with  relatively  Bmall  particles. 
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to  cumulonimbus  proportions;  ultimately  the  lines  of  showers  merge  and 
decay  to  stratiform  type  precipitation.  On  the  RHI  scope  the  appearance 
of  the  warm  showers  is  as  illustrated  by  pictures  5,  6.  and  11-14  of 
Figs.  10  1  and  10.3;  they  are  discussed  in  considerable  detail  in  Sec¬ 
tions  J  and.  4-  of  this  report.  Subsequent  bands  are  composed  more  and 
more  of  rain  characteristic  of  a  stable  air  mass,  although  occasional 
convective  elements  occur  e /en  into  the  immediate  eye  region.  The  up¬ 
wind  (eastern)  ends  of  the  rain  bands  are  more  cellular  in  structure  and 
this  is  believed  due  to  the  initial  development  of  precipitation  in  con- 
vectivcly  unstable  air.  The  precipitation 'becomes  more  uniform  downwind 
under  the  action  of  continued  low  level  . convergence. 

While  practically  all  of  the  hurricane  is  banded  and  is  associated 
with  a  banded  structure  of  low  level  convergence  and  rising  motion,  the 
mechanism  giving  rise  to  the  handedness  is  still  unknown.  At  times,  the 
upper  cloud  layers  are  affected  by  passage  through  a  region  or  band  of 
intensified  vertical  motion,.  .In  these  cases,  the  echoes  develop  and 
fall  downward  as  the  particles  grow  by  condensation;  this  is  discussed  / 
in  Section  4  and  is  illustrated  by  pictures  1'3-lS  of  Fig.  10. 3.  The  V 
main  rain  bands  tend  to  be  wider  in  cheir  upper  parts  than  near  the 
surface,  which  is  consistent  with  a  pattern  of  high  level  divergence. 

They  are  most  widely  separated  in  the  outskirts  of  the  hurricane  and 
tend  to  merge  near  the  eye  as  indicated  by  Fig.  11.2.  They  are  approx¬ 
imately  parallel  to  the  surface  winds  and  isobars,  especially  at  the  up¬ 
wind  ends  of  the  bands  (except  for  intense  convective  echoes  in  the 
eastern  semicircle  of  the  storm) .  Downwind,  both  bands  and  winds  tend 
to  spiral  toward  the  eye,  the  winds  more  strongly.  The  result  of  this 
in  Edna  is  that  the  bands  are  oriented  about  halfway  between  the  direc¬ 
tions  of  surface  winds  and  isobars.  No  consistent  relationship  between 
the  bands  and  the  upper  winds  or  vertical  wind  shear  has  been  discovered 
in  this  study . 

It  is  suggested  that  precipitation  growth  and  echo  intensification 
in  low  level  clouds  is  responsible  for  some  of  the  finer  structures, 
such  as  the  cross-band  striations  which  are  observed  in  Fig.  4.13>  and 
the  smaller  filamentary  structures  comprising  most  of  the  major  bands. 
These  finer  features  are  also  reflected  in  the  rapid  fluctuations  of  the 
surface  rain  intensity.  However,  the  major  banded  structures  extend 
through  great  depths  of  the  troposphere,  sometimes  with  and  sometimes 
without  low  level  growth. 

The  motion  of  the  showers  in  the  northern  outskirts  of  the  storm  is 
about  4o°  to  the  left  of  the  direction  of  the  storm  motion  and  nearly 
perpendicular  to  the  bands;  the  upper  ice  crystal  or  snow  masses  in  this 
area  appear  faintly  on  the  FPS-3  PPI  scope  and  are  seen  to  move  at  a 
rapid  rate  from  the  same  direction  as  the  storm  (SSW).,  Within  50  miles 
of  the  eye,  the  motion  of  discrete  precipitation  echoes  (presumably  of 
the  low  level  convective  type)  is  in  nearly  the  same  direction  as  the 
surface  winds,  and  hence  nearly  along  the  bands.  (Sections  4,  5  and  8.) 
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Fig.  10.2.  Composite  PPI  display  of  Hurricane  Edna,  constructed  by  piecing  togethe'  three  FPS-3  pictures 
taken  at  So.  Truro  about  6  hours  apart,  on  11  Sept.  1954.  Note  the  regular  appearance  where  the  pictures  join, 
which  suggests  that  the  hurricane  is  in  an  approximately  steady  state.  First  convective  bands  may  be  seen  in 
the  upper  right;  in  the  center  there  is  evidence  of  convective  elements  and  stratiform  type  precipitation  super¬ 
imposed.  The  relatively  close  spacing  and  uniformity  of  the  large  scale  bands  near  the  eye  is  evident  in  tne 
lower  left  of  this  figure. 
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|  The  speed  profile  of  discrete  precipitation  echoes  is  similar  in 

■;  shape  to  that  of  the  surface  winds,  showing  the  decrease  of  speed  near 

the  eye  which  is  characteristic  of  mature  hurricanes.  Comparison  of  ra- 
\  -  dar  and  surface  wind  speeds  indicates  that  the  winds  in  the  lowest  7,000 

l  feet  increase  in  speed  with  increasing  height  outside  the  ring  of  maxi- 

f  mum  surface  winds .  Within  the  ring  of  maximum  surface  winds  the  wind 

speed  decreases  with  height .  This  pattern  of  vertical  wind  shear  is 
consistent  with  recent  observations  of  Simpson.  Further  study  of  the 
relationships  between  echo  and  surface  wind  velocities  should  make  pos¬ 
sible  the  accurate  determination  of  hurricane  intensities  by  radar.  The 
wide  scatter  of  individual  echo  velocity  observations  noted  in  the  pres- 
!  ent  study  can  be  reduced  by  simultaneous  use  of  narrow  beam  REL  and  FPI  - 

1  radars  (Section  5)* 

The  eye  of  the  hurricane  may  be  identified  on  the  FPI  scope  by  the 
spiralling  of  the  bands  and  by  the  rotation  about  it  of  discrete  weather 
echoes,  as  noted  above.  On  the  RHI  scope  Edna's  eye  appears  as  an  open 
"V"  in  the  radar  echo  which  leans  toward  the  northeast;  a  cirrostratus 
shield  over  the  eye  at  35 j 000  feet  is  connected  to  the  northeastern  por¬ 
tion  of  the  wall  cloud  by  a  thin  column.  (This  spreading  canopy  over 
the  eye  is  indicative  of  high  level  divergence.)  "False"  radar  eyes  al¬ 
so  appear  in  Hurricane  Edna;  they  are  identified  as  spurious  by  their 
relatively  short  lifetimes  and  by  the  absence  of  rotation  or  spiralling 
about  them  of  large  scale  features  (Sections  7  and  8).  A  double  eye, 
identified  by  distinct  centers  of  circulation  and  pressure,  is  reported 
by  reliable  aircraft  reconnaissance  to  have  existed  in  Edna  for  an  hour 
or  more  prior  to  the  time  the  central  region  of  the  storm  passed  the  is¬ 
lands  south  of  Cape  Cod,  However,  the  centers  have  not  been  observed 
separately  on  the  radar  because  the  southernmost  one  was  divorced  from 
precipitation  (Section  9). 

A  feature  of  the  major  homogeneous  precipitation  hands  is  the  radar 
"bright  band"  at  the  melting  level;  this  implies  that  snow  or  ice  crys¬ 
tals  are  descending  through  the  melting  level  from  aloft .  Differences 
in  the  detailed  appearance  of  the  bright  band  are  associated  with  varia¬ 
tions  of  middle  and  low  level  growth.  Where  there  is  little  or  no  mid¬ 
level  cloudiness  and  updraft,  and  hence  only  slight  growth  of  precipita¬ 
tion  particles,  a  sharply  defined  bright  band  appears  and  the  radar  echo 
intensity  Is  about  constant  in  the  layer  which  extends  to  the  ground 
from  below  the  bright  band.  Qri  the  other  hand,  f  ie  appearance  of  gener¬ 
ally  increasing  echo  intensity  from  the  melting  level  downward  is  at¬ 
tributed  to  major  growth  of  the  melting  snow  and  rainfall  by  accretion 
of  cloud.  This  characterizes  the  bands  of  moderately  heavy  precipita¬ 
tion  which  must  correspond,  therefore,  to  areas  of  major  convergence  and 
lifting.  The  very  heaviest  precipitation  (requiring  intense  updrafts’) 
must  be  associated  with  a  graupel  or  hail  process  for  which  there  is  no 
strong  evidence  in  the  ^adar  data,  except  in  the  region  of  the  main  wall 
cloud.  (The  greatest  rains  in  Hurricane  Edna  occurred  along  a  line 
passing  about  75  miles  west  of  the  main  radar  site  at  South  Truro.) 
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Fig.  10.3.  Photographs  of  the  FPS-6  scope  at  So.  Truro  'during  the  approach  of  Hurricane  Edna.  Pictures  13, 
14,  ana  15  demonstrate  the  occurrence  of  low  level  fconvectijve  showers  and  descent  of  an  upper  ice  crystal  layer 
in  a  region  of  low  level  convergence  and  rising  air  motion.  Pictures  19  and  23,  at  low  gain,  illustrate  the  con¬ 
ventional  bright  band  at  13,500  feet.  The  pictures  numbered  10-24  at  low  gain  fail  to  show  snow  above  the  melt¬ 
ing  level  except  at  very  close  ranges. 
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Characteristics  of  the  drop  size  distributions  of  hurricane  rains 
(examined  by  the  filter  paper  technique)  ranging  in  intensity  from  3  to 
75  mm/hr,  are  in  good  agreement  with  those  to  be  expected  on  the  basis 
of  Marshall  and  Palmer's  empirical  relation.  The  median  drop  diameters 
are  somewhat  larger  than  usual ,  however,  and  are  attributed  to  the  unu¬ 
sually  important  role  of  aggregation  in  this  hurricane  rain.  The  empir¬ 
ical  relation  Z  =  20QR-1-  ,  where  Z  is  the  radar  reflectivity  factor 

(summation  of  the  6th  powers  of  the  drop  diameters)  and  R  is  the  rain¬ 
fall  rate,  has  been  tested,  using  the  filter  paper  samples  of  Edna  rain. 
The  value  of  R  determined  by  the  application  of  thiB  equation  is  always 
well  within  a  factor  of  2  of  the  observed  value,  thus  suggesting  the 
possible  use  of  long  wave  radar  to  monitor  the  intensity  of  hurricane 
rains  (Section  6) . 

The  path  of  Edna  is  found  to  be  much  more  regular  than  originally 
reported;  oscillations  of  the  path  are  of  smaller  amplitude  than  the  eye 
diameter.  Analysis  of  position  reports  from  various  sources  indicates 
that  when  an  aircraft  is  within  radar  range,  errors  of  position  may  be 
reduced  to  a  minimum  if  reports  are  based  on  cooperative  estimates  of 
both  aircraft  and  radar  observers  (Sections  7  and  8)* 

Land  stations  west  of  Edna's  eye  experienced  highest  winds  during 
the  storm  after  the  times  of  lowest  pressure.  Analysis  of  tra,Jectories 
and  pressure  gradients,  based  on  analyzed  hourly  weather  maps,  indicates 
that  the  air  associated  with  these  northwest  gales  can  be  traced  to  an 
origin  in  a  field  of  gross  imbalance  between  winds  and  pressure.  At  a 
distance  of  100  to  200  statute  miles  northwest  of  the  eye  over  land, 
wind  speeds  are  typically  only  15  percent  of  their  gradient  values  and 
accelerations  implied  by  the  equations  of  motion  in  this  case  appear  ad¬ 
equate  to  explain  the  observed  increase  in  wind  speed  (Section  9) - 
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APPENDIX  A 


List  of  Aircraft  Reconnaissance  Reports,  Corrections  and  CamroentE 


Corrections  were  made  possible  through  the  assistance  of  Captain 
Wallace  Taylor,  observer  aboard  the  aircraft. 


Plain  Language  Portions 
As  Received 


Plain  Language  Portions 
As  Corrected 


Duck  Edna  1  (113005).  Position  36*  17*11 
67°  1.5  'W;  surface  wind  170* 

030  knots;  flight  wind  195* 

057  knots;  squalls  lines 
curves  to  NW 


Duck  Edna  1.  Position  36*17 *N 
67*15 'W;  surface  wind  170* 

O3O  knots;  flight  wind  195* 

O57  knots;  squall  line 
curves  to  NW 


There  was  just  one  small  cloud  line  which  curved  into  the  northwest  from 
the  aircraft  position,  thus 


0 


D 


Duck  Edna  2  (1200Z).  Radar  returns 
a.i.x  quaar&trcs;  position  ib'  L 
68*20 'W;  surface  wind  170* 

050  knots;  flight  wind  190* 

060  knots;  proceeding  to  seal 
intersection „ 


Duck  Edna  2.  Radar  returns 

quAuranvo;  position  38*06  'N 
68*20'W;  surface  wind  170* 

050  knots;  flight  wind  190* 

066  knots;  proceeding  to  seal 
intersection., 


The  only  change  here  involves  the  flight  level  wind. 
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Plain  Language  Portions 
As  Received 

Duck  Edna  3  (12302).  Position 
39°50!N,  69°UO’W;  surface  wind 
920°,  063  knots.;  flight  wind 
170 076  knots;  circling  Seal 
intersection  due  to  ATC  clearance, 


Plain  Language  Portions 
As  Corrected 

Duck  Edna  3  (1230Z),.  Position 
39*50'N,  69°io'w;  surface  wind 
120° ,  065  knots;  flight  wind 
170° ,  076  knots;  circling  Seal 
intersection  due  to  ATC  clearance. 


The  direction  of  the  surface  wind  is  120°  rather  than  920° .  The  plane 
was  not  authorized  to  fly  directly  into  the  storm,  but  had  to  wait  at 
Seal  intersection  for  final  clearance. 


Duck  Edna  A  (1300Z)>  Position 
39° ^7%  71*07 'W;  surface  wind 
unknown;  flight  wind  unknown . 


Duck  Edna  5  (1330Z).  Position 
38°32'N,  71*18 'W;  surface  unknown; 
flight,  wind  unknown ;  penetration 
eye. 


No  change,, 


Duck  Edna  5  (13302).  Position 
38°  32 'N ,  71*18 'W;  . surface  wind 
unknown;  flight  wind  unknown; 
penetrating  eye. 

"  This  means  that  the 
hot  actually  entering  it. 


"Penetration  eye"  should  read  "penetrating  eye 
plane  is  on  a  course  for  the  eye 


DUCK  EDNA  SIX  IN  EYE  (lk)0Z), 
Double  eye  forming;  swells  to 
60  feet;  blue  sky  over  Seal; 
position  39*12 'N,  72*1.3 'W; 
surface  wind  diffuse  40  knots; 
will  remain  in  eye  due  to  prox- ■ 
imi.ty  of  coastline;  eye  position 
to  follow  every  30  minutes. 


Duck  Edna  6  In  eye  ( 1 U00Z ) . 
Double  eye  forming;  swells  to 
60  feet;  blue  sky  overhead; 
position  39*12  'N,  72'*137w7 
surface  wind  diffuse  40  knots; 
will  remain  in  eye  due  to  prox¬ 
imity  of  coastline;  eye  position 
to  follow  every  .30  minutes. 


The  plane  was  in  the  eye  region  and  blue  sky  was  overhead,  not  over 
Seal.  The  eye  was  open  to  the  south  and  it  was  difficult  to  find  a 
minimum  in  the  pressure  field,  The  analysis  of  "D"  values  gathered 
during  reconnaissance  of  the  eye  indicated  an  elongation  of  the  press’, ire 
pattern  in  a  northeast-southwest  direction,  Finally,  two  minima  at 
700  mb  were  located.  The  lesser  minimum  was  about  3 0  miles  SW  of  the 
major  minimum,  which  latter  was  reported  as  the  eye  location. 


lot 


Plain  Language  Portions 
As  Received. 


Plain  Language  Portions 
As  Corrected 


Duck  A  3^59  Edna  recco  six,  eye  No  change, 

centered  39°  12%  72B13’W  l400S; 

Loran  position  accurate  within 
5  miles;  maximum  winds  120  knots 
north  quadrant;  eye  poorly  defined, 
it  miles  diameter;  radar  coverage 
feasible;  remark;  eye  horseshoe 
shaped,  open  to  south,  surface  in 
eye  very  diffuse  40  knots. 

As  indicated  by  Pig.  8.1  and  the  discussion  of  Section  8,  this  Loran  fix 
was  probably  not  as  accurate  as  indicated.  The  sea  Burface  in  the  eye 
was  confused,  with  swells  moving  in  different  directions.  The  wave  and 
spray  formations  were  of  about  the  same  magnitude  as  those  formed  under 
the  influence  of  a  40  knot  wind.  In  this  case,  however,  it  w&b  hot  pos¬ 
sible  to  determine  wind  direction  from  the  appearance:  of  the  sea,  hence 
the  phrase  "surface  wind  diffuse  40  knots 


Edna  seven  in  eye  (iVjOZ)*  Eye  ‘  No  change, 

changing  shape  continuously.  ..  - 

Position  39*20% 

The  reference  no  changing  shape  pertains  mainly  to  the  pressure  pattern 
immediately  about  the  dye.  The  steepest  gradient  shifted  from  the  north 
side  in  a  clockwise  direction  to  the  west  side  during  the  half  hour  pe¬ 
riod  centered  on  this  observation. 


Duck  Edna  eight  in  eye  (l5r'r>Z).  No  change. 

Surface  wind  20  mile£  sou  ;  of 
center  270*  120  knots;  position 
39*32  %  71*38'W. 


Duck  A  3^59  Edna  nine  in  eye  (1530Z).  No  change. 
Descending  to  1500’.  Next  ob  163OZ; 
position  39*39%  71*l8'W. 
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Plain  Language  Portions 
As  Received 


Plain  Language  Portions 
Ab  Corrected 


Duck  A  34.59  Edna  in  eye  (163OZ). 
Sub  con  press  1.600Z  y4v  mbs;  eye 
center  pressure  slopes  upward 
northwest;  position  40a00 'N.. 

70° 55  'V< ,  700  mb  level  drop  wing. 
Second  surface  eye  40  miles 
southwest  of  ob  position. 


Duck  A  3459  Edna  in  eye  (16307.) 
Surface  pressure  at  lSOOZ,  94-7  mbs 
eye  center  slopes  upward  toward 
northeast;  position  40°00'H, 

70*55 'W,  700  mb  level  dropping, 
second  surface  eye  40  miles 
southwest  of  ob  position* 


Several  transmission  errors  in  this  one.  The  northeast  tilt  of  the  eye 
was  also  determined  by  3  cm  radar  at  South  Truro  (see  Fig.  9 • 5)  •  The 
decrease  of  height  of  the  700  mb  surface  was  noted  in  order  to  confirm 
the  coded  portions  of  the  messages;  it  was  believed  that  the  movement 
of  the  storm  into  higher  latitudes  would  normally  be  accompanied  by 
rising  700  mb  central  heights . 


Duck  A  3459  Edna  eleven  in  eye 
(1730Z).  Loran  temporarily  inop¬ 
erative  ;  Fax  by  defense  radar  net; 
position  4o°48'N,  70°33'WJ  eye 
position  at  1.7002,  40o40'N,  704W 

The  1700Z  fix  was  by  Loran;  the  17302 


Duck  A  3459  Edna  eleven  in  eye; 
Loran  temporarily  inoperative; 

Fix  by  defense  radar  net;  position 
40°48'N,  70o33'W;  eye  position  at 
1700Z,  '40*40  %  70°40,W. 

and  1800Z  fixes  were  by  ground 


radar  at  Montauk  Point.  The  longitude  of  the  IfOUZ  fix  was  garbled  in 
the  message. 


Duck.  A  3459  Edna  twelve  in  eye  No  change . 

(1800Z);  eye  opening  more  to 
south;  position  4l® 15 ’1,  70°30'W. 

The  wall  cloud  to  the  south,  already  much  smaller  than  that  to  the 
north,  underwent  further  dissipation. 


Duck  A  3459  Edna  thirteen  (185OZ.)  No  change, 
in  eye  over  land;  eye  over  Martha's 
Vineyard  at  185OZ. 
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Post  analysis  indicates  that  the  point  of  lowest  pressure  did  not  pass 
over  Martha's  Vineyard,  but  over  the  ocean  between  Martha's  Vineyard  and 
Nantucket.  At  this  time  the  eye  was  extremely  asymmetrical,  with  the 
minimum  pressure  located  east  of  the  mid-point  of  a  representative  outer 
isobar.  The  gradient  over  Martha's  Vineyard  vaB  quite  light  and  the 
center  of  the  area  of  light  winds  and  comparatively  unruffled  ocean  may 
well  have  passed  over  the  island.  At  this  time  there  was  no  white  water 
visible  from  the  plane  north  of  the  line  connecting  Martha's  Vineyard 
and  Nantucket  to  Massachusetts'  south  shore.  An  additional  confusing 
feature  at  this  time  was  a  band  of  heavy  cloud  which  had  swung  southward 
(relative  to  the  storm)  until  it  bordered  the  point  of  minimum  pressure 
on  the  west.  This  heavy  cloud  appeared  to  the  aircraft  to  be  the  wall 
cloud  east  of  the  eye  center.  The  bands  terminated  along  a  nearly  east- 
west  line  at  this  time  -  this  line  of  termination  was  thought  to  be  wall 
cloud  to  the  north.  Analysis  indicates  that  the  eye  was  not  truly  dou¬ 
ble  at  this  time  or  as  the  eye  crossed  Cape  Cod. 


Plain  Language  Portions  Plain  Language  Portions 

As  Received  As  Corrected 

Ihick  Edna  south  eye  centered  1*1*29%  No  change. 

70*10%  1930Z;  visual  position  accu¬ 
rate  within  zero  miles;  north  eye 
centered  at  1935Z  in  middle  of  Cape 
Cod  Bay;  eyes  well  defined  1*0  miles 
diameter;  radar  coverage  feasible. 

Here  the  double  eye  was  erroneously  reported.  Due  to  the  wide  flat 
pressure  pattern,  "D"  values  were  not  closely  checked,  and  fatigue  of 
personnel  aboard  the  aircraft  greatly  reduced  efficiency.  The  reported 
positions  were  based  largely  on  visual  attempts  to  place  the  eyes  or 
eye.  The  distribution,  of  cloud  lines  in  the  eye  made  this  difficult, 
as  noted  above.  The  cloud  line  over  the  Cape  extended  at  least  to 
20,000'. 


Duck  A  3^-59  Edna  recco  eye  centered  No  change. 

2010Z,  visual  position.  Maximum 
winds  unknown,  wall  clouds  dissi¬ 
pated  east  through  south  to  west; 
double  eyes  now  forming  gigantic 
eye  roughly  centered  over  Province - 
town.  Eye  poorly  defined. 


The  cloud  line  referred  to  previously  was  now  much  less  ominous,  and  no 
longer  appeared  to  be  a  wall  cloud.  Thus  the  wall  cloud  was  reported  to 
be  dissipating;  although  such  probably  existed  to  the  northeast,  out  of 
site  behind  the  weakening  cloud  line. 


Plain  Language  Portions  Plain  Language  Portions 

As  Received  As  Corrected 

Duck.  Edna  departing  storm  to  dis-  No  change, 

tressed  surface  vessel  75  miles 

southeast  of  eye.  Do  you  desire  , 

22002  fix  on  eye?  Reply  Immediately. 


Duck  A  34-59  Edna  15  southeast  of  No  change, 

eye  ;  position  4-0*37 'N,  69°l8'W 
204,52 ;  surface  wind  270°,  100  knots; 
sea  phenomenal;  overcast  300  feet. 


Duck  Edna  relieved  on  station  of  No  change. 

distressed  vessel  by  Coast  Guard 

aircraft;  this  message  terminates 

weather  reconnaissance  of  Hurricane 

Edna;  Loran  Inoperative;  position 

uncertain;  proceeding  to  a  suitable 

east  coast  field;  insufficient  fuel 

to  attempt  Kindley;  last  message. 
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APPENDIX  B 


Horizontal  Temperature  Gradients  as  the  Melting  Level 
(Note  added  in  proof) 


Determination  of  horizontal  temperature  gradient  "by  radar  is  de¬ 
pendent  on  knowledge  of  the  lapse  rate  and  on  measurements  of  the  height 
of  the  bright  band,  which  corresponds  to  the  layer  about  1500  feet  below 
the  0°C  isotherm,  and  in  which  snow  melts  to  rain  (Austin  and  Bemis,  1950). 
The  quantitative  relationship  between  the  height  variations  of  an  isotherm 
(assumed  continuous)  and  the  horizontal  temperature  gradient  is  given  by 
9T/Bx  =  -(?>H/2>  x)fji(  7)T/?5H),  where  (^H/^xJip  is  the  slope  of  the  iso¬ 
therm  and  oT/ 2jH  the  lapse  rate.  An  estimate  of  the  quantity  (‘^H/'TJx)^ 
near  the  +2°C  isotherm  may  be  obtained  from  measurements  of  the  height  of 
the  bright  bands  at  different  distances  from  the  eye  of  the  storm.  Al¬ 
though  numerous  RHI  photographs  were  made  during  Hurricane  Edna,  little 
thought  was  given  to  this  problem  at  that  time,  and  the  data  are  therefore 
not  all  that  is  now  desired.  The  table  below  lists  measurements  which  are 
probably  uncertain  by  5 00  feet. 


Height  of  Bright  Band  in  Edna 


Distance  NNE  of  Eye 
(nautical  miles)* 

Ht.  of  Center  of  Bright  Band 
(feet) 

Radar  Used 

325-170 

12,700 

FPS-4  and  EPS -6 

160 

13,500 

FPS-6 

125 

14,000 

FPS-6 

20 

16,000-16,500 

FPS-4 

In  Eye 

16,000-17,000 

fps-4 

*  No  bright  band  data 

are  available  between  125  and  20 

nautical  miles  of 

the  eye . 

Following  the  Jordans 1 ( 195*0  as  well  as  the  radiosonde  data  of  this 
report,  we  adopt  a  value  of  'dT/SH  =  -1.6°C  per  thousand  feet.  The  dif¬ 
ference  of  some  4000  feet  of  the  bright  band  height  from  a  distance  170 
thI  1  pa  Ahpftri  of*  'tli*?  "t  o  oy(?  region  is  ‘thus  ind.ics.'ti.ys  of1  s.  I’iC.ri. zon - 

tal  temperature  variation  at  about  15.000  feet  of  6  or  7°C.  It  may  be 
noted  that  Figs..  4.7,  4.8,  and  9.9  indicate  a  6°C  temperature  change  over 
a  similar  distance  at  the  10,000  foot  level;  earlier  soundings  (Figs.  3.2, 


3-8,  and.  4.3)  indicate  smaller  irregular  changes.  These  results  are  gen¬ 
erally  very  similar  to  the  Jordans'  mean  thermal  structures  (1952  and 
1954)  and  the  cross  section  of  Simpson  for  the  1946  Tampa,  storm. 

Since  the  temperature  at  which  naturally  falling  snow  melts  is  some¬ 
what  a  function  of  particle  size,  updraft,  and  lapse  rate,  the  precise 
correlation  of  bright  band  and  temperature  is  a  formidable  task.  However, 
the  utilization  of  more  precise  relationships  between  bright  band  height 
and  temperature  than  attempted  here,  coupled  with  accurate  measurements, 
could  be  applied  to  such  small  scale  phenomena  as  the  individual  rain 
bands  as  well  as  to  the  total  hurricane. 
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